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Mitra, Biplob K. Ph.D., Purdue University, May 2015. The impact of stress history of 
deformable dry granules on the mechanical properties of tablets.                                              
Major Professor: James D. Litster. 
A mechanistic understanding of the relationship among the granule composition, 
individual granule property, downstream robust processing, and the final tablet attributes 
is critical for rational development of a quality tablet. However, in the dry granulation 
literature, milled granules that are polydisperse in solid fraction, size, and shape are 
extensively used for compaction studies. Thus, the effect of an individual granule 
property or an individual component on the compaction properties of dry granules was 
not adequately separated. To advance the mechanistic understanding of the effect of dry 
granulation on tensile strength of tablets, individual granule properties such as size, solid 
fraction, and granule composition need to be decoupled, precisely controlled, and 
independently varied. To accomplish this, in this thesis, small cylindrical biconvex 
compacts of powder were used as model dry granules for compaction studies, which have 
the advantage of being monodisperse in both size and solid fraction. In addition, size and 
solid fraction of monodisperse granules and their composition were independently varied 
and precisely controlled. The novel use of monodisperse granules brings a new 





The effect of granule size and solid fraction on tensile strength of tablets was 
deconvoluted using monodisperse granules as well as milled granules of microcrystalline 
cellulose (MCC). A strong linear relationship (with negative slope) exists between the 
tablet tensile strength and granule solid fraction. In contrary to popular perception, 
granule size has no statistical impact on the tablet tensile strength. A smooth or rough 
fracture surface of tablets prepared from low or high solid fraction granules, respectively 
indicates differences in fracture of the tablets. 
Subsequently, a novel method was developed to map the fracture surfaces of tablets. The 
proportion of intra-granular versus extra-granular fracture of tablets was quantified by 
image analysis. Low solid fraction granules deform extensively, neighboring granule 
surfaces intermingle closely, and produce homogeneous tablet matrices. At a high 
deformation potential (defined as, tablet solid fraction - initial solid fraction of the packed 
granule bed), tablets fracture indiscriminately both intra-granularly (fracture of individual 
granules) and extra-granularly (separation of neighboring granules). In contrast, at a low 
deformation potential, tablets preferentially fracture extra-granularly. The proportion of 
intra-granular fracture is a function of the deformation potential only. Tensile strength of 
tablets increase nearly linearly with the deformation potential and the slope of the linear 
relationship is larger for higher tablet solid fraction. At or below the critical deformation 
potential the tablet structure is not coherent and it does not fracture intragranularly. 
Calibration of the Drucker Prager Cap (DPC) model parameters provides a means for a 
deeper understanding of the impact of dry granulation, granule SF, and granule 





any granulation status requires the same in-die compaction stress state for densification to 
a given tablet solid fraction. Only cohesion of materials and tensile strength of tablets are 
a strong linear function of MCC granule solid fraction. However, properties such as 
cohesion and diametrical tensile strength go through a maximum as the mannitol level 
increases in the binary granules, and clearly do not follow the linear mixing rule. Other 
properties either approximately follow the linear mixing rule (e.g., hydrostatic yield 
strength, young's modulus and Poisson’s ratio) where some interactions between the 
constituents are present, or not sensitive to the composition (e.g., internal angle of 
friction). In general, the properties of a multicomponent system may not be precisely 










undergo elastic, plastic, and brittle deformation to form mechanical bonds by surface 
intertwining at contacts; (b) particles are pushed close together and van der Waals forces 
act to bond particles; (c) surface moisture effectively decreases the distance between 
particles and increases the inter-particle contact area, thereby acting as a bonding agent; 
and (d) melting and solidification at contact forms solid-solid bridges between particles.   
In the wet granulation process, liquid is sprayed on an agitated powder bed to form 
agglomerates which are then dried. The solidification of dissolved materials during 
drying forms solid bonds that hold the granule together.  
Potential technical challenges associated with the dry and wet granulation processes are 
compared with those of the direct compression process in Table 1.1. Dry granulation 
offers benefits over direct compression with respect to impact from incoming material 
variability, and over wet granulation with respect to product stability and process 
efficiency. For a drug substance with chemical stability issues, wet granulation poses 
higher risk. The number of unit operations, scalability, critical process parameter control, 
and resource intensiveness decrease the wet granulation process efficiency. On the other 
hand, incoming material variability and very high or low drug concentration in the 








Dry granulation via roll compaction is currently a common manufacturing platform in 
many pharmaceutical companies. Dry granulation, by densification and size enlargement, 
improves flow of the formulation and content uniformity of the drug product [5].  
However, dry granulation also reduces the TS of downstream tablets compared to the 
directly compressed tablet at a given tablet solid fraction (SF) [6, 7]. There are a number 
of alternative explanations in the literature on the mechanism for the reduction in tensile 
strength of tablets formed from dry granules: strain hardening [5, 8, 9], granule size 
enlargement [9, 10], loss of macroscopic strength of compacts due to milling [11], and 
over-lubrication of granules during the milling operation [5]. However, effects of these 
factors are not adequately separated from each other. Until the mechanism is clearly 
understood, mechanistically based quantitative models cannot be further developed. 
In a process that involves multiple compaction steps, a plastically deformable material 
such as microcrystalline cellulose (MCC) or hydroxypropylmethyl cellulose (HPMC) 
requires a higher stress for deformation in the tableting step. To improve the mechanistic 
understanding of this effect, it is important to deconvolute the impact of factors such as 
granule SF, granule size, and granule shape. To do this, it is critical to precisely control 
and independently vary these properties of granules in a way that is not possible via a 
slugging or roll compaction process. Monodisperse granules with very carefully 
controlled SF, size, and shape could be produced in the form of directly compressed 
small cylindrical compacts. Monodisperse granules can subsequently be compacted to 
produce tablets. This approach can allow analysis of the effect of one granule property 






4. Determine the effects of plastic-to-brittle excipient ratio in monodisperse granules 
on the DPC parameters of tablets made from a mixture of plastic and brittle 
excipients. 
1.3. Thesis Outline 
To accomplish the objectives of this thesis, a comprehensive literature review on the 
current understanding of the dry granulation processes and the influence of dry granule 
composition and properties on physical, mechanical, and functional properties of tablets 
is presented in Chapter 2. Chapter 3 describes the materials and methods utilized in this 
thesis. 
Chapter 4 describes a novel use of monodisperse granules to deconvolute the granule SF 
and granule size impacts to tablet TS. Small cylindrical compacts of MCC produced via a 
direct compression process are used as model granules. Monodisperse granule SF and 
size are precisely controlled and independently varied. TS of tablets prepared from 
monodisperse granules and milled (polydisperse) granules are evaluated by a diametrical 
compression test. Relationship between tablet TS and apparent granule deformation 
potential (defined as tablet SF – initial granule SF) is shown.  
Chapter 5 describes a novel method to quantitatively determine the intragranular versus 
extragranular fracture of tablets prepared from dry granules. A mixture of monodisperse 
granules of four different colors is used to prepare tablets. The extent of intra-granular 
and extra-granular fracture is measured by image analysis of the fracture surfaces. 





potential (defined as the tablet SF – the initial SF of the packed granule bed) is 
developed.  
In Chapter 6, monodisperse granules of MCC as described in Chapter 4 are used to 
explore the influence of granule SF on evolution of the tablet structure. DPC parameters 
of tablets prepared from granules with varied SF are determined. 
In Chapter 7, the impacts of composition of granules on evolution of the tablet structure 
and tablet strength are explored. Monodisperse granules of mixtures of MCC and 
mannitol (MNT) at varying ratios with precisely controlled SF are used to determine the 
DPC parameters. 
Chapter 8 summarizes the major contributions of the current work as described in 






CHAPTER 2. LITERATURE REVIEW 
The literature review is divided into five sections. The first section focuses on general 
understanding of the roll compaction process and roll compacted material attributes. The 
second section focuses on studies that intended to separate the effect of granule SF from 
granule size on the tablet TS. The third section describes the experimental methods that 
focus on fracture of tablets and theories of tablet strength. The fourth section describes 
studies to determine the constitutive model parameters of pharmaceutical excipients and 
the fifth section describes the compaction of powder mixtures. The final section 
summarizes the critical gaps and proposes research objectives. 
 
2.1. Roll Compaction Process 
2.1.1. Experimental Understanding of the Roll Compaction Process 
Roll compaction has been extensively studied as a dry manufacturing process in the 
chemical, ceramic, metallurgical, food, and pharmaceutical industries. A significant body 
of research has focused on understanding the impact of various roll compaction process 
parameters, local stress distribution, and incoming material properties on the compact 









Roll pressure is the most important parameter that controls the ribbon and granule 
properties. Experimental results in the literature showed that higher roll pressure 
increases ribbon hardness and granule size for both organic (e.g., lactose) and inorganic 
(e.g., magnesium carbonate, calcium carbonate) brittle materials, and decreases TS of the 
corresponding tablets [16, 17]. In contrast, Wu et al. [18] proposed that brittle excipients 
such as spray-dried lactose, anhydrous calcium phosphate dibasic, and mannitol are not 
sensitive to size enlargement due to the roll compaction process. However, their data 
showed that although at a compaction pressure of ~100 - 140 MPa, TS of tablets prepared 
from fine and coarse granules were similar; the TS values were ~25% - 40% higher for 
tablets prepared from fine granules at a typical compression pressure of 300 MPa in a 
tableting operation. Moreover, the authors did not compare tablet TS at the same tablet 
SF, and did not normalize the lubricant level for granule surface area. In a more recent 
report, Wagner et al. [19] roll compacted one or all of the following brittle excipients at 
different roll compaction force: ???????????????????????-D mannitol, ?????-D mannitol), 
spray dried mannitol (Parteck M 200), granulated D-mannitol (Mannogem 2080, and 
Pearlitol 300 DC). Granules prepared at a higher roll compaction force produced tablets 
with lower TS. However, roll compacted ribbon SF and tablet SF were not controlled in 
these studies. 
The solid state of the material also influences the ribbon and granule properties. 
Disrupted crystalline order in anhydrous lactose and amorphous content (15% - 20%) in 
spray-dried lactose facilitated better bonding and consolidation, and produced stronger 





granules produced from similar ribbon SF which would have better unveiled the impact 
of lactose physical properties on granule properties.  
Impact of raw material physical properties on the roll compaction process also has been 
evaluated. Both particle-particle friction and particle-wall friction are associated with 
powder flow and cause inconsistent powder feeding rate or powder distribution. Non-
uniform powder distribution is one cause of ribbon non-uniformity. The presence of a 
high level of moisture (>10% in MCC) significantly decreased powder flow, internal 
friction angle, drag angle, and nip angle, and increased cohesion and peak pressure in the 
nip angle [21]. Even at a lower moisture level, higher powder gripping rate in the center 
compared to the edges of the roll width results in higher ribbon density at the center. 
However, moisture level of the as-received MCC was not controlled in this study. In a 
separate study, roll-compacted and simulated MCC ribbons with similar SF exhibited 
lower TS with increasing moisture content varying between 3% and 9% [22]. This 
observation is supported by another finding that demonstrated that at a given SF, TS of 
MCC compacts were not sensitive to moisture when presented as a monolayer [23]. 
However, tablet TS decreased linearly with further increase of moisture. 
 
2.1.2. Non-Homogeneity of Roll Compacted Ribbon Properties 
Although homogeneous density distribution of ribbons is desired, material properties and 
equipment complexities present challenges to produce such ribbons. Table 2.2 







values than the simulated ribbons [27]. However, if SF was controlled to a specific value, 
the TS of actual and simulated ribbons were comparable.  
Several studies to improve the density variability in roll-compacted ribbons have also 
been reported. The use of concave-convex roll pairs with rim wall angles between 45º - 
90° improved the pressure distribution across the roll width. An angle of 65° produced 
the best result [28]. It was also demonstrated that lubrication of powder improved 
homogeneity of ribbon properties [29, 4]. Akseli et al. [4] showed that the granules 
obtained from high SF sections of the ribbons exhibited higher yield strength.  
 
2.1.3. Experimental Simulation of Roll Compaction Processes 
Table 2.3 lists selected studies focused on experimental simulation of the roll compaction 
process. Zinchuk et al. [27] predicted the effects of roll speed, pressure, and radius on 
ribbon properties. The author used a compaction simulator, MCC as a model compound, 
and SF and TS of ribbons as markers. Contact of the upper punch with powder was taken 
as the onset of the stick zone. Experimental results showed that actual ribbons and 
simulated ribbons possessed equivalent strength at a given SF. In another study, Gereg et 
al. [30] demonstrated that at an equivalent compression pressure, both slugging and roll 
compaction processes produced lactose granules with similar physical properties and 






𝝈𝒆𝒒𝒖𝒊𝒗 ≈ 𝟗. 𝟏 ∙ ቀ
𝑭
𝑹∙𝑾
ቁ                                                     (2.1) 
where, F, R, W are the roll force, roll radius, and roll width, respectively. The authors 
validated the model using multiple placebo and active formulations. 
 
2.1.4. Roll Compaction Process Mathematical Model 
To provide important insight into the roll compaction process, a number of one-, two-, 
and three-dimensional mathematical models have been developed. One-dimensional (1D) 
models use stress from slab analysis and provide an elementary understanding of the 
process. Initial powder density, feed angle, and feed stress significantly affect the 
development of stress and densification in the compaction region. Powder-roll surface 
friction strongly affects the nip angle. The 2D models demonstrate variation in stress, 
strain, and velocity across the thickness, which 1D models cannot predict. Powder-roll 
surface friction strongly affects the nip angle. Initial powder density, feed angle, feed 
stress, roll friction, and constitutive behavior at low pressure affect the densification of 
powder in feeder and slip regions, which in turn affects the ribbon density. The 3D 
models consider that powder-side seal friction decreases the roll pressure at the roll 
edges. Non-uniform powder feeding rate or distribution results in non-uniform peak 
pressure. Finite Element Models (FEM) can be used to examine the three-dimensional 
effects. A list of selected studies focused on modeling of the roll compaction process is 





Table 2.4.  Mathematical Modeling of Roll Compaction Process 
Model Reference Notes  
1D 
 
J. Johanson [31] Roll compaction pressure profile was predicted using roll 
diameter and material properties. Slip region used Jenike-Shield 
model and nip region used die compaction data; nip region was 
determined from the pressure gradients for slip and non-slip. 
Material compaction was predicted in the nip area. 
Bindhumadhaban et 
al. [32] 
Johanson model was validated using gravity feeder and MCC 
PH102. Experimental and model-predicted pressure profiles in 
the nip area were in agreement. 
Zinchuk et al. [27] Roll compaction process was modeled using in-die compaction 
data. The contact of upper punch with powder during 
compression was taken as the start of no-slip zone. Variables 
evaluated were roll gap, speed, pressure, and radius. Powder 
feed mechanism, shear forces, and slip- to no-slip transition  
were not considered.  
Katashinki et al. [33] An equilibrium equation was developed based on the metal 
powder-roll friction, normal stress in rolling direction, and roll 
pressure for a slab undergoing shear deformation and 
densification. Stress-strain behavior was described by a 
constitutive relationship based on the porosity and the yield 
stress of an individual particle. The model is sensitive to the nip 
and neutral angles. 
Hilden at al. [15] A model to estimate roll force to obtain a target ribbon SF was 
developed based on equivalent in-die compaction stress, roll 
radius, and roll width. Roll and feeder speeds and nip angle were 
not taken into account.  
2D 
 
Cunningham et al. 
[34] 
Stress profile during roller compaction of MCC-dicalcium 
phosphate powder mix was determined using instrumented rolls. 
At a roll compaction condition, increase of dicalcium phosphate 
in the mix increased the normal pressure and decreased the gap.     
A slab model, predicting the effect of friction coefficient of 
MCC, showed that the normal pressure, nip angle, and SF 
increased with the friction coefficient.                                              
2D FEM model using DPC parameters for MCC showed similar 
behavior. In addition, the model showed decreased velocity at 
the gap center in the slip zone. 
Michrafy et al. [35] Roll compaction stress profile was modeled using DPC 
parameters for MCC PH102 in 2D FEM modeling of the roll 
compaction process. In contrast to the literature, shear stress 
reached its peak right before the minimum roll gap. This could 
be a sign convention issue which was not clarified by the author. 
In the slip zone, powder velocity and density were predicted to 
be higher at the roll surface. Predicted and experimental 
densities in the gap were in agreement. Positive and negative 
ratios of shear and normal stresses were indicative of the 
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Muliadi et al. [36] Literature values of DPC parameters for MCC PH102 were used 
for a density-independent 2D FEM model (floating roll gap). 
Both 2D FEM and Johanson’s models predicted similar trends 
for all the parameters other than the nip angle dependency to the 
friction angle. FEM model predicted a decrease in nip angle and 
Johanson’s model predicted an increase in nip angle at a higher 
friction angle. In general, Johanson’s model over-predicted all 
the parameters; most unrealistically SFs were predicted greater 
than 1. 
2D and 3D 
FEM 
Cunningham et al.  
[37] 
The roll compaction stress to rolling angle profiles generated by 
2D and 3D FEM models were in agreement with the 
experimental profiles for lubricated MCC PH102. The ratio of 
shear to normal stress increased from a negative value, changed 
the sign before the neutral angle, and reached the peak after the 
neutral angle. 3D modeling predicted that powder-side seal 
friction and non-uniform powder feeding contributed to the 
pressure and density distribution across the roll width, which 
could be improved by using rotating side seals.  
3D 
 
Muliadi et al. [38] Experimentally validated the density-independent 3D FEM 
model-predicted ribbon density distribution across the roll 
width. Measured values of powder friction angle and roll gap 
were used as boundary conditions. A piston type feeder was 
used to ensure uniformly distributed normal inlet pressure on the 
powder. The model predicted SF for roll gap and position along 
the roll width were in agreement with experimental results. 
Ribbon SF at the center was higher than at the edges. At a 
friction coefficient as high as 0.42, the model overestimated the 
ribbon density across the roll width. 
 
2.2. Impact of Dry Granulation on Tablet Properties 
In the pharmaceutical industry, roll compacted ribbons of a formulation are generally 
milled into granules, which are subsequently compressed into tablets. The strength of a 
pharmaceutical compact of a given composition largely depends on its SF [39, 40]. If 
milling conditions are the same, softer ribbons give smaller granules compared to 
stronger ribbons [41, 42, 43]. Ribbon (granule) properties can significantly impact the 





that granule porosity and size were the main factors impacting the strength of tablets. 
Table 2.5 lists studies that evaluated impact of dry granulation process parameters on 
tablet attributes.  


















Tablets obtained from 
milled granules possessed 
lower TS compared to 
DC tablets 







density, flow,  
diametrical 
breaking force 
MCC  Multiple RC cycle 
increased granule size, 
density, and flow, and 
decreased tablet breaking 
force. 











decreased TS of tablets 
prepared from 
MCC/lactose mix. 










Tablet TS decreased with 
roll compaction force 















amorphization of the 
brittle drug produced 
stronger tablet and 
decreased capping. 









tablet pore size  
Acetaminophen, 
L-HPC 
High slugging or roll 
compaction pressure 
decreased tablet TS, and 
resulted in faster 
disintegration and 
dissolution. 

























drug dissolution from 
tablet. 
Mitchell et al. 
[48] 
 
2.2.1 Mechanical Properties of Tablets 
Dry granulation of plastically deformable excipients decreased the TS of tablets 
compared to directly compressed tablets. This decrease of TS of tablets prepared from 
dry granules was attributed to the increased resistance of dry granules to subsequent 
deformation [6, 41]. Strain hardening due to dislocation pileup of crystalline structure 
raises the energy requirement for further deformation, a phenomenon that occurs in 
metals, was proposed as the mechanism. However, it is not clear if plastic deformation of 
pharmaceutical polymeric materials occurs by the dislocation pileup. Malkowska et al. 
[6] compressed a narrow sieve section (100 - 160 ?m) of both virgin MCC PH102 and 
milled granules into tablets. Granules were obtained from slugs prepared at 9 and 28 MPa 
compression pressures. SF of tablets produced at a given compression stress were 
comparable for virgin MCC and milled granules. However, tablets produced from the 
softer and harder milled granules by compressing at 45 MPa pressure had 14% and 23% 
lower TS than virgin MCC, respectively. Similar reduction in TS was also observed for 
dicalcium phosphate and starch [6]. However, this observation for dicalcium phosphate 
contradicts the observation by Wu et al. [18]. It should also be noted that slugging and 





practical pressure range. In another study, Bultmann [7] used MCC PH101 and showed 
that granules grew in size and density after each additional pass through the rolls and 
subsequently produced weaker tablets. The decreased tablet strength was attributed to the 
loss of the dry binding capacity of MCC after roll compaction. 
Bozic et al. [45] evaluated the compactibility and capping tendency of a formulation of a 
brittle drug substance and MCC. Yield strength of dry granules was higher than the 
directly compressed formulation. However, the strength of tablets were higher and 
capping tendency was lower for granulated tablets than for directly compressed tablets. 
Stress-induced amorphization of the drug as evidenced by X-ray profile was credited for 
this benefit. It was proposed that higher free surface energy of amorphous drug facilitated 
stronger long-distance bonding, and consequently helped withstand the elastic relaxation 
of tablets.  
 
2.2.2 Functional Properties of Tablets 
Kawashima et al. [46] roll compacted an acetaminophen/L-HPC extended-release 
formulation and subsequently compressed milled granules into tablets. Granules prepared 
at low roll compaction pressure achieved the desired extended release profile. However, 
surprisingly, granules prepared at high roll compaction pressures resulted in immediate 
release profile of tablets (Figure 2.5). This impact of granulation on dissolution was 
attributed to changes in the pore size of the tablet matrix that controlled the water 






2.2.3. Mechanistic Understanding of the Impact of Dry Granulation of MCC on Tablet 
TS 
MCC is one of the most commonly used plastically deformable excipients in the 
pharmaceutical industry. MCC is a fibrous polymer that has amorphous regions and 
microcrystals. It is roughly 70% crystalline and 30% amorphous [50]. Apart from the 
bonding mechanisms described in Section 1.1, mechanical activation and temperatures 
above the glass transition temperature (Tg 60°C - 80°C at room conditions) induce 
reorganization of fibrils. This reorganization can contribute to better structural stability 
and bonding, and offer higher compact strength compared to other excipients such as 
dicalcium phosphate dehydrate, lactose, and starch [50]. TS strength of the MCC tablet 
decreases linearly with moisture level when present as more than a monolayer (equivalent 
to 3.3% moisture) [23]. Almaya et al. [51] demonstrated that if not lubricated, the TS of 
an MCC compact at a given SF is insensitive to MCC particle size. Because MCC was so 
well characterized, it was frequently used as a model compound to study the effects of 
dry granulation on TS of tablets of plastically deformable formulations. Table 2.6 lists the 






points, and smaller bonding area. In this study, 44 - 106?? and 250 - 500?? size 
granules of MCC PH105 and MCC PH200 were lubricated with the same level of 
magnesium stearate and compressed into tablets. However, the authors did not take into 
account the following factors which can influence the experimental results: (1) it is not 
clear if the roll compaction bypass (uncompacted MCC leaked through the top and side 
seal) was segregated out prior to milling the ribbons. (2) virgin MCC and granules with 
different size and specific surface area were lubricated with the same amount of 
magnesium stearate. It is likely that larger granules were more lubricated compared to 
smaller granules. (3) Non-homogeneous ribbon density (as shown in Figure 2.4) gave 
milled granules that were polydisperse in SF, size and shape. High density ribbons 
produced larger granules with higher SF, which were less deformable. The combined 
effect of higher SF and higher lubrication of large granules could lead to decreased TS of 
tablets.  
Herting et al. [54] disagreed with the granule size argument as the primary mechanism 
proposed by Sun et al. [10]. They conducted a separate study and proposed that both 
strain hardening and size enlargement of MCC dry granules cause the partial loss of 
tablet TS. Higher roll force produced larger granules with higher applied yield strength 
and weaker tablet TS. However, the smaller size fraction of the granules exhibited lower 
yield strength and produced stronger tablets. This implies that the TS advantage from the 
smaller granules could be due to their lower SF. The authors also showed that finer 
particle size MCC powder offered higher tablet TS, which contradicts with the study of 
Almaya et al. [51]. In a separate study, He et al. [5] also showed that the increasing SF of 





SF of 0.82 SF, TS was ~30% lower when produced from granules rather than virgin 
MCC. However, similar to other studies, it is not clear if the roll compaction bypass was 
separated out from the ribbons before milling. Virgin MCC and milled granules of the 
same size were evaluated in the study; virgin MCC, if present as bypass in the granules, 
could artificially minimize the granule strain hardening effect on tablet strength.  
In a more recent study, Patel et al. [9] proposed that granule hardening and granule 
enlargement negatively affect the tablet tensile. They produced MCC granules by 
slugging at different pressures, followed by milling. High SF slugs produced larger and 
stronger granules. However, the larger size fraction of the granules was weaker than the 
smaller granules, although they were obtained from the same slug. This convoluted the 
effects of granule hardening with granule enlargement on tablet strength. Moreover, in 
this study granule size showed contradictory effects on tablet TS depending on the tablet 
SF. Similar studies using MCC pellets produced by extrusion/spheronization showed that 
high porosity and irregular shape of pellets increased tablet TS, but pellet size did not 
affect it [55, 56]. In another study, Macias et al. [52] evaluated density and compressive 
strength of high shear wet granules of MCC and correlated them with tablet TS. They 
showed that granule porosity (calculated from envelope density) and granule compressive 
strength (estimated from Kawakita equation) followed the Ryshkewitch-Duckworth      
(R-D) empirical model. However, the TS of tablet at zero porosity that was used to fit the 
R-D model, was estimated from an exponential fit of the data which could have resulted 
the better model fit. Tablets prepared from stronger granules (that is granules with higher 
SF) were weaker, and this followed a negative power law irrespective of the granulation 





Farber et al. [11] presented a unified compaction curve (Figure 2.6) to illustrate the 
correlation between cumulative compaction pressure and tablet strength prepared from 
dry granules. They proposed that compaction of granules into a tablet is a continuation of 
particle deformation; however, loss of macroscopic strength of compacts due to milling 
decreases the tablet TS. They also made the assumptions that: (1) primary particles 
remain compacted after milling, and (2) tablet strength depends on cumulative 
compaction of primary particles. The model proposes that the TS versus compaction 
pressure profiles for direct-compressed and roll-compacted tablets are the same, with the 
exception that the roll-compacted tablet curve has a new origin at the roll compaction 
pressure and corresponding ribbon TS.   
 
Figure 2.6.  Schematic of the Unified Compaction Curve [11] 
 
The TS of tablets produced from roll-compacted granules is described by Eq. 2.2: 
𝑻ᇱ = 𝑻 − 𝑻𝑹𝑪 = 𝑻𝒎𝒂𝒙ൣ𝒆ି𝒃𝑷𝑹𝑪 − 𝒆ି𝒃(𝑷





where T, TRC, ??, PRC, b and Tmax represent TS of directly compressed tablets, tensile 
strength of granules, compression pressure for granules, roll compaction pressure, 
constant of the direct compressed tablet TS to pressure relationship, and max TS of direct 
compressed tablet, respectively. The model does not relate tablet strength directly to a 
granule property, e.g., SF, although this is inferred by the analysis. Moreover, 
compression pressure, compact SF and compact TS need to be linked. However, in this 
study compact SF was estimated as a fitting parameter (b) of the TS versus pressure 
relationship for direct compression tablets. This made the model sensitive to compression 
speed, dwell time and composition. The experimental results showed that the model is 
only valid for very plastic compositions (starch alone and MCC-lactose mix at a ratio not 
less than 1) and at compression pressure higher than 200 MPa.  
In a more recent work, Nguyen et al. [53] extended the UCC model to high shear wet 
granulation of MCC (Eq. 2.3). The amount of compression pressure (PWGC), MCC  
𝑻ᇱ = 𝑻 − 𝑻𝑾𝑮𝑪 = 𝑻𝒎𝒂𝒙ൣ𝒆ି𝒃𝑷𝑾𝑮𝑪 − 𝒆ି𝒃(𝑷
ᇲା𝑷𝑾𝑮𝑪)൧
                                 (2.3) 
granules exposed to during the granulation process was estimated from the tablet TS 
versus compression pressure curve for a direct compression (DC) process. Virgin MCC 
and MCC granules were compressed at the same pressure to prepare tablets. TS of the 
tablets prepared from MCC granules (𝑻ᇱ 71T) were fitted on the curve, and the respective 
equivalent DC pressure was determined by intrapolation or extrapolation. PWGC was 
calculated as (the DC pressure – equivalent DC pressure for the granulated tablet 
strength). Irrespective of the granulation process variability, TS of tablets prepared from 





The decreased tablet tensile strength after granulation was attributed to the PWGC and the 
resultant densification and surface smoothness of granules. 
 
2.3. Mechanics of Tablet Tensile Strength 
2.3.1. Bonding in Tablets 
The transformation of powder into a coherent tablet structure is essentially an inter-
particular bonding process [57]. However, the majority of pharmaceutical powders are 
not primary particles, but rather granular, porous, secondary particles. In many cases, 
powders are also converted into granules via various granulation techniques and then 
forward processed into tablets to achieve desired quality attributes of the final product 
(such as strength, content uniformity, and dissolution) and/or to improve process 
performance. Tablets prepared from granules can be described as granules bonded 
together [57]. In addition to the mechanical properties of the primary particles and 
granules, the physical changes that occur to granules during the confined compression 
process are also important in the evolution of the tablet structure.  
In a compaction process, when pressure is applied to a powder bed in a confined space, 
particles are moved into closer proximity, and bonds are established between neighboring 
particles [58]. For the typical SF range (0.7 - 0.95) of tablets, intermolecular attraction is 
the dominant bond type between particles [57]; this includes van der Waals forces, 





depends on the intermolecular or inter-particular distance (100 to 1000 Å) and the 
medium surrounding them [59]. In a high SF tablet formed from amorphous or low 
melting point ingredients, solid bridges can form where there is particle-particle contact 
at an atomic level. Solid bridges are relatively strong bonds and materials such as sodium 
chloride that form solid bridges produce strong tablets. Simple chemical structure, plastic 
deformability, and high local stress at the inter-particular contact may facilitate solid 
bridge formation [60, 61]. Mechanical interlocking describes the hooking and twisting 
together of particles in a tablet. This is possible because of particle irregularities and 
roughness on the surface of the particles [60]. 
 
2.3.2. Tablet Fracture and Tensile Strength 
To understand the strength of tablets, the process of fracture has attracted considerable 
interest. TS of pharmaceutical tablets has been explained in the light of phenomena that 
occur in metal and ceramic compacts. In metals, TS is known to increase with decreasing 
grain size, as described by the Hall-Petch relationship [62, 63]. The phenomenon has 
been explained in terms of dislocation pile-up at grain boundaries, preventing further 
glide and thus increasing the yield strength in a manner similar to the concept of work 
hardening [64]. In fact, Sun et al. [10] and others [5,8,9] have used milled granules of 
MCC and have proposed that larger granule sizes lead to lower tablet TS.  
In ceramics, TS of the compact is governed by the size of the largest flaw within the 





constituent sintered ceramic powders, and the mechanics are well explained in terms of 
Griffith’s crack criterion and the ensuing realm of fracture mechanics [65]. Fracture 
initiates at the crack tip and subsequently propagates, resulting in complete failure of the 
compact [66, 67]. The initiation and subsequent extension of a crack is a result of mutual 
competition between the crack-promoting force and the resistance of the microstructure. 
The theory also explains why whisker-sized Al2O3 particles have been measured to be 10 
times stronger than fiber-sized particles of the same composition [68]. A key assumption 
of Griffith’s theory is that appreciable crack-tip blunting does not occur during fracture 
so that the release of strain energy is directly balanced by the increase in crack surface 
energy [69]. In the case of ductile materials like metals, blunting of the crack tip by 
dislocation and plastic deformation decreases the local stress intensity and hinders 
propagation of the crack [67].  
For pharmaceutical materials, studies in the literature that focused on tablet fracture and 
tablet strength are listed in Table 2.7. The relationship between TS and critical stress 
intensity (KIC), crack size and compact porosity, have been reported in the literature 
[58,70, 71]. In these studies, rectangular beams with or without a notch were prepared 
from various excipients including MCC PH101; strength was evaluated by flexure 
testing. Round flat-face tablets with or without radial edge cracks were also prepared and 
strength was determined by an edge opening or diametrical breaking force test. KIC 
decreased at higher porosity and higher %RH, and was sensitive to notch type and size 
[70]. The edge opening test was less sensitive to crack length than the diametrical 






Johanson et al. [76] extended the bond summation concept to granulated tablets by 
preparing tablets from MCC pellets of varied size and porosity. Pellets were deliberately 
lubricated well with magnesium stearate and compressed into compacts. The compacts 
were the agitated so that the weak structure disintegrated into granules. Characterization 
of the retrieved granules (Figure 2.7) showed that more porous pellets deformed and 
densified more than less porous pellets [8,77]. Both intra-granular and extra-granular 
porosity decreased, and intra-granular porosity approached tablet porosity as the overall 
tablet porosity decreased (Figure 2.7). An air permeability test showed that the compacts 
from porous pellets had low surface area, reflecting high bonding surface area [76]. They 
proposed that a high degree of deformation of porous pellets resulted in a low inter-
granular separation distance in the compact and promoted the formation of strong inter-
granular bonds. They also proposed that the intra-granular bond strength is higher than 
the inter-granular bond strength; in a diametrical breaking force test, a fracture plane is 
created between and around the granules.  
For the bond summation concept to work, it is critical to determine the actual bonding 
surface area and the bonding force. However, it is difficult to measure them directly. 
Indirect estimation of the bonding area by air permeability can over-predict the bonding 
surface area by excluding the closed pores, especially at high tablet SF. Moreover, intra-
granular and extra-granular fracture of tablets, which was not identified experimentally, 






Table 2.7.  Studies Focused on Tablet Fracture and Tablet Tensile Strength 




Pellet size, porosity 
and deformation. 




As tablet porosity decreased, 
the difference between tablet 
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Higher TS and KIC at higher 












KIC decreased at higher 
porosity and higher %RH 
and was sensitive to notch 
type. 












Edge opening test was less 
sensitive to crack length than 







Pellet porosity, pellet 






High SF pellets produced 
tablets with more extra-
granular pores, higher air 






Pellet porosity, pellet 
deformation, tablet  




Porous pellets deformed 
more and produced stronger 
tablets. Porosity of porous 
pellets decreased 
significantly compared to 















High porosity pellets/ 
granules/ cylinders had 
higher degree of 
compression and produced 
stronger tablets.  
Nordstrom 
et al., [78] 
Extrusion/ 
spheronization 
Pellet porosity, degree 




High porosity pellets 
produced stronger tablets. 
The degree of compression 
controlled the intergranular 
voids and the TS of tablets. 
Nordstrom 
et al. [79] 
 
Mercury porosimetry results showed that diameter of the intergranular void spaces in a 
tablet decreased approximately linearly with the degree of compression of pellets. This 





intergranular bonding and produced stronger tablets. Results also showed that the critical 
degree of compression was ~0.33, below which a coherent tablet was not produced.  
In the literature [56,57,76,77,79], there is a common perception that the fracture plane is 
created between neighboring granules in a diametrical breaking force test. This appears to 
be a justified argument for tablets prepared from high SF granules. However, low SF 
granules extensively deform during the compression process and obtain a homogeneous 
matrix at least at a high tablet SF. Thus, the initial granule SF and tablet SF determine the 
construct (extent of homogeneity) of the tablet matrix, and can influence whether the 
tablet fractures intra/extra-granularly or extra-granularly in a diametrical breaking force 
test. As the intra-granular and extra-granular bonding strength could be different, the 
proportion of intra-granular and extra-granular fracture can influence the tensile strength 
of a tablet. However, a method to quantitatively determine if fracture occurs intra-
granularly or extra-granularly, and how that impacts TS of a tablet, has not yet been 
developed.   
 
2.4. Compaction Mechanics of Pharmaceutical Powder 
2.4.1 Empirical Models for Powder Compaction 
Despite the much-advanced understanding of the compaction processes and the 
availability of state-of-the-art compaction equipment, robust production of quality tablets 





powder have been studied mostly by analyzing in-die compaction results using various 
models listed in Table 2.8.  
Table 2.8.  Models Typically Used for Pharmaceutical Powder Compaction 
Tablet Model 
 
















ቁ = 𝑃 ∙ 𝐾 + 𝐴                    (2.4) 
where 𝑆𝐹 is compact solid fraction, P is 
pressure, K (=1/Py) is a constant, Py is 
the apparent yield pressure. A is the 
intercept of the linear portion at P=0. 










                                   (2.5) 
where P is the pressure, C (=௩బି௩
௩బ
) is the 
compressibility, a and b are constants. 
a is strain at infinity pressure, and 1/b 
is pressure to attain strain a/2. 




100 ∙  𝑉ோ =  −𝑤 ∙ log(𝑃) + 𝐶       (2.6)  
where P is compaction pressure, VR is 
relative volume, w is the compressibility 
coefficient. 
w is % change in volume of materials 
when P is increased by a factor of 10. 
It is a measure of irreversible 




100 ∙  𝜀 =  −𝑐 ∙ ln(𝑃) + 𝑑            (2.7) 
where 𝜀 is compact porosity, P is 
pressure, and c and d are constants.  
A large value of c indicates greater 



















 ∙ 𝑃 − ௉೎భ
஼ଵ
                        (2.8) 
where 𝜎௧ is TS, 𝜎௧,ఌୀ଴  is TS at zero 
porosity, C1 is deformability constant, 
PC1 is is the minimum pressure that 
produces a cohesive compact.  
𝜎௧,ఢୀ଴ can be estimated using 2nd 




σ௧ = 𝑚 ∙ log(𝑃) + 𝑛                       (2.9) 
where σ௧ is the TS of compact, P is the 
pressure. m and n are constants. 
m value can be used to assess the 
compression process robustness. 
Leuenberger 
Analysis [86] 
𝐿𝑛 ൬1 − ఙ೟
ఙ೟,೘ೌೣ
൰ =  −𝛾 ∙ 𝑃 ∙ 𝑆𝐹      (2.10) 
where 𝜎௧ is TS of the tablet, 𝜎௧,௠௔௫  is 
TS at zero porosity, P is the pressure, 
SF is the compact solid fraction, and ? is 
the compression susceptibility. 
Larger 𝛾 means a smaller change in 








Table 2.8. continue 
Tablet Model 
 















𝐿𝑛 (𝜎௧) =  𝐿𝑛 (𝜎௧଴) − 𝑏𝜀              (2.11) 
where 𝜎௧ is TS of the tablet, 𝜎௧଴ is TS at 
zero porosity, 𝜀 is tablet porosity, and b 
is a constant. 







𝐵𝐼 =  ఙ೟
ு
                                         (2.12) 
where BI is bonding index, 𝜎௧  is tensile 
strength, and H is hardness of a tablet at 
a given SF. 
BI reflects survival of tablet strength 
after decompression. BI>0.01 is 
typically desired. 




− 1ቁ                         (2.13) 
where BFI is brittle fracture index, 𝜎௧  is 
TS of a tablet , and 𝜎௧଴ is TS of a tablet 
without a defect at a given SF. 
BFI reflects the ability of a material 
to relieve stress by plastic 
deformation around a defect. BFI 
<0.3 is indicative of relative non-
brittle material. 
 
Due to the empirical nature of these methods, developing a holistic understanding of the 
evolution of tablet structure and associated tableting problems can be difficult. These 
methods do not capture processes such as die-filling, permanent deformation to a 
predefined shape, and ejection of the compact from the die cavity. Moreover, these 
approaches do not consider factors such as axial stress gradient, radial stress exerted on 
the die wall, and powder friction. Recognizing these deficiencies, various constitutive 
models have been developed using continuum mechanics principles. In continuum 
mechanics, a representative volume of a large number of powder particles represents the 
macroscopic behavior of the material [89]. As such, powder aggregates are regarded as 
continuum medium and powder compaction is regarded as a forming event where the 






2.4.2. Constitutive Models for Powder Compaction 
A variety of continuum models that were developed in the field of soil mechanics 
including the ellipsoidal model, Cam-Clay model, and Drucker-Prager Cap (DPC) model, 
are adopted for powder compaction modeling (Figure 2.8). Most of these models are 
governed by ellipsoidal caps that determine the densification loci. During consolidation, 
the yield locus expands as the SF increases, which signifies a stronger resistance to 
further plastic deformation. The elliptical curves in three models are similar in the high 
pressure region but substantially different in the low pressure region. The symmetric 
ellipse models use associative flow and isotropic hardening [90]. These models need a 
minimum amount of experimental calibration. In the Cam-Clay model, ellipse arcs with 
different eccentricity define the failure surfaces. The most common models used today 
are based on the DPC model. The DPC model captures the powder compact response at a 
low ratio of hydrostatic stress to deviatoric stress and its densification at a high ratio of 







Figure 2.8. 2D Yield Surface for (a) Ellipsoidal Model, (b) Cam-Clay Model, and  (c) 
Modified Drucker-Prager Cap Model [91] 
 
A detailed description of the DPC model is available in the literature [92]. The model 
describes yielding of materials as a function of the compaction stress components, 
hydrostatic stress (p), deviatoric stress (q), and the SF of the tablet. Deviatoric stress is 
also known as Mises equivalent or effective stress. p causes densification, whereas q 
causes material distortion without volume change. p and q are expressed in the principal 
coordinate system as [92]: 
𝑝 =  − ଵ
ଷ






The 2D yield surface of the DPC model consists of three lines/curves in the p-q plane as 
shown in Figure 2.9. 
1. A shear failure line (Fs) showing increasing q value with increasing p value. The shear 
line characterizes the shear stress in a powder necessary to cause fracture. Fs in the p-q 
plane is defined as: 
𝐹௦(𝑞, 𝑝) = 𝑞 − 𝑑 − 𝑝 𝑡𝑎𝑛𝛽 = 0                                (2.16) 
The intersection of the Fs and q axis represents the material cohesion (d), and the slope of 
the Fs line is the friction angle of material (?). This line is the boundary between the 
stress states that causes elastic deformation versus permanent deformation of the solid. 
Shear failure typically results in fracture of the structure.  
2. The elliptical cap (Fc) intersects both the p and q axes. Material densifies in this 
region. The elliptical cap is defined in the p-q space, as: 
                         𝐹௖(𝑞, 𝑝) = ට(𝑝 − 𝑝௔)ଶ + ቂ
ோ ∙ ௤
ଵା∝ି(∝ ௖௢௦ ఉ⁄ )
ቃ
ଶ
− 𝑅(𝑑 + 𝑝௔  𝑡𝑎𝑛 𝛽) = 0    (2.17)                    
where R is the cap eccentricity parameter, ? is a numerical parameter (0.01 to 0.05°) 
defining a smooth transition between Fs and Fc, and pa is defined as the cap evolution 
parameter. For simplicity, considering ? as zero produces the following expression:  





The direction of the stress path on the yield cap is normal to the cap surface [94]. The 
plastic strain increment vector is outward, normal to the yield cap surface at the in-die 
stress co-ordinates [95]. 
3. A transition curve (Ft) allows a smooth transition between the Fs and the Fc. During 
the smooth transition the powder particles begin to be compressed, and the onset of 
plastic strain begins as the pressure increases. The transition curve is defined as: 
𝐹௧(𝑞, 𝑝) = ට(𝑝 − 𝑝௔)ଶ + ቂ𝑞 − ቀ1 −
ఈ
௖௢௦ ఉ
ቁ (𝑑 + 𝑝௔  𝑡𝑎𝑛 𝛽)ቃ
ଶ
− 𝛼(𝑑 + 𝑝௔  𝑡𝑎𝑛 𝛽) = 0             (2.19) 
In a compaction process, local stress is always on the locus of the current SF. As the axial 
compression pressure increases, the values of Pb and Pa change, which correspondingly 
changes the shape of the cap. This gives a series of cap surfaces during compression. A 
family of yield surfaces describes the complete plastic behavior of a material and is 
shown in Figure 2.10. As the tablet SF reaches 1 (fully dense material behavior), the 
tablet would not densify any further even at a very high applied stress [97]; As the tablet 
SF approaches 1, R could be greater than 1, and Pb becomes very high. However, even in 






Figure 2.10.  Modified Drucker Prager/Cap Model–Family of 2D Yield Surfaces [93] 
 
Recently, the DPC model has become increasingly adopted to study pharmaceutical 
powder compaction mechanics [92,93,94,96]. Three simple mechanical tests: confined 
compaction of powder using a die instrumented with a radial stress sensor, uniaxial 
compression, and diametrical compression of tablets determine the DPC parameters such 
as d?????R, and Pb [34]. Although four independent variables are required to calibrate the 
DPC model, there are only three data points per DPC envelope (Figure 2.8 C). The fourth 
parameter to satisfy the requirement is the normality of the plastic flow vector 
(associative flow rule) which is not shown in the plot [92]. The plastic strain co-ordinates 
are superimposed on the in-die stress co-ordinates on the yield cap surface. The plastic 





used as input in the Finite Element Model (FEM) to predict local mechanical properties 
evolved during the consolidation of powder in a tableting or a roll compaction operation 
[38,94,98]. 
To date, DPC model parameters have been mostly reported for virgin powders 
[92,94,97,98], and to a limited extent, for their mixtures [96,100,101]. However, in 
pharmaceutical manufacturing, powder mixes are often granulated and then used for 
tableting. During granulation, virgin materials are exposed to stress of some form such as 
chemical (solvent in wet granulation, fluid bed granulation, extrusion), pressure (dry and 
wet granulation), and heat (wet and fluid bed granulation, drying). Granule properties 
have a strong effect on tablet quality attributes such as strength, disintegration time, and 
dissolution [46]. Moreover, size, shape, density, and friction coefficient of granules affect 
the consolidation process. Granule rearrangement, plastic deformation, or brittle fracture 
in a compaction process depends on these granule properties [57]. Physical changes that 
occur to granules in a confined compaction process are important for the evolution of 
tablet microstructure. It is important to understand the compaction mechanics of granules. 
However, the impact of stress history of the starting material (for example, MCC dry 
granules) on DPC parameters has not been determined. Very limited information on 
calibration of the DPC model using granules is available in the literature. LaMarche et al. 
[96] determined DPC parameters of various high shear wet-granulated and roll-
compacted formulations but they did not disclose the composition. The goal of this work 
was to relate DPC parameters to tableting issues such as crack, sticking, capping, low 





evaluated in this study, granule properties were not adequately controlled or at least 
disclosed, and the study was not designed to understand the impact of granule properties 
on the DPC parameters. Extending the application of the DPC model to granulated 
material will further improve the mechanistic understanding of tablet compaction from 
granules. 
Experimental studies that focused on calibration of the DPC model parameters for 
various systems are listed in Table 2.9. 
Table 2.9.  Calibration of the DPC Parameters using MCC 
Parameter 
studied 
Material  Key Results/Notes Reference 
Cohesion (d) 
MCC PH101[97,101]  
Lubricated MCC 
PH101[98]  
MCC PH102 [92,96,101] 
MCC PH102 with 
unlubricated die [99] 
MCC PH200 [101] 
MCC PH102 + 10% 
acetaminophen (APAP) 
[101] 
Talc + 5% fatty acid [100] 
Pregelatinized starch [96] 
Lactose monohydrate [96] 
Lactose anhydrate [96] 
Dicalcium phosphate [96] 
d increased exponentially with 
compact SF.  
d was not sensitive to MCC 
grade [101] and lubrication. 
d was higher for MCC  [96] 
and lower for talc with fatty 
acid than other materials 
[100]. 
APAP did not affect the d of 
MCC significantly [101]. 
Sinka et al. [97], 
Cunningham  et 
al. [92], 
Han et al.[98], 
Michrafy et al. 
[99],              




Friction angle (?) 
In most cases, ? decreased 
slightly with compact SF 
[98,100,101,96].                          
In contrast, ? increased with 
compact SF for MCC 
[97,92,99] and lactose [96].         
APAP did not affect the ? of 
MCC significantly [101]. 
Cap eccentricity 
parameter ( R) 
In general, R increased with 
compact SF. 
However, R for talc/fatty acid 
did not change with compact 
SF [100]. 
R for APAP/MCC blend was 
lower than MCC only [101].    
Hydrostatic yield 
stress (Pb) 
Pb increased exponentially 
with compact SF or 
volumetric plastic strain. 
Pb for APAP/MCC blend was 









Two elastic properties of MCC, Young’s modulus (E) and Poisson’s ratio (?), are also 
reported in the literature (Table 2.10). Figure 2.15 shows Young’s modulus versus 
compact SF. Young’s modulus increased with the compact SF. The E values reported by 
Swaminathan et al. [101] and Han et al. [98] were significantly higher than those reported 
by others [92,96,97,99], especially at higher compact SF. Figure 2.16 shows Poisson’s 
ratio versus compact SF. Poisson’s ratio increased with the compact SF. However, the ? 
values reported by LaMarche et al. [96] and Han et al. [98] were significantly higher than 
those reported by others [92,97,100,101].  
Table 2.10.  Poisson Ratio and Young’s Modulus of MCC 
Parameter 
Studied 
Material  Key results/Notes Reference 
Young’s 
modulus (E) 
MCC PH101[97,101]  
Lubricated MCC PH101[98]  
MCC PH102 [92,96,101] 
MCC PH102 with 
unlubricated die [99] 
MCC PH200 [101] 
MCC PH102 + 10% 
acetaminophen (APAP) [101] 
Talc + 5% fatty acid [100] 
Pregelatinized starch [96] 
Lactose monohydrate [96] 
Lactose anhydrate [96] 
Dicalcium phosphate [96] 
E values increased with compact 
SF.                         
E values reported by Han et al.  and 
Swaminathan et al. were higher 
than those reported by others.    
E values were higher for brittle 
excipients like lactose, dicalcium 
phosphate, the lowest for starch.  
MCC had slightly higher E values 
than starch [96].   
E values for APAP/MCC blend 
were higher than MCC [101].  
 
Sinka et al. [97], 
Cunningham  et al. 
[92], 
Han et al.[98], 
Michrafy et al. 
[99],              
Diarra et al. [100], 
LaMarche [96] 
Swaminathan et al. 
[101] 
Poisson’s 
ratio (?)  
? values increased with compact 
SF.                         
? values reported by LaMarche et 
al. were higher than those reported 
by others.    
? values of MCC was the highest 
[96] and decreases in presence of 
APAP [101]. 
Michrafy et al. [99] determined ? 
from measured axial and radial 







The powder-die wall and powder-punch frictions can lead to density variations in a 
compact. Contact pressure, sliding velocity, and wall roughness can influence the friction 
coefficient. Higher friction results in higher radial stress. The friction coefficient can be 
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                                               (2.20) 
where ?T, ?B, ?zrr, z, H and D are the stress at the top and bottom punches, the radial 
stress, the distance of the upper punch tip from the radial stress sensor, height, and 
diameter of the compact, respectively. Experimental studies in the literature that reported 
friction co-efficient of MCC and lactose are listed in Table 2.11. Figure 2.17 shows 
friction coefficients for lubricated and unlubricated MCC with either lubricated or 
unlubricated die wall.  
Table 2.11.  Powder-Die Wall Friction of MCC  
Parameter 
Studied 

















? values were high at low 
pressure but reached a 
plateau at high radial 
pressure. 
Both internal and external 
lubrication decreased ?.             
Michrafy et al. showed that 
for unlubricated die, ? first 
decreased with pressure and 
then slightly increased to a 
plateau. 
Sinka et al. [97], 
Cunningham  et al. 
[92],                      
Han et al. [98], 








Experimentally measured DPC parameters were used as inputs for FEM modeling to 
predict the local stress distribution in compacts (Table 2.12). The success of the FEM 
prediction depends on accurate experimental calibration of the DPC parameters. Sinha et 
al. [103], using DPC parameters from the literature, showed that simulation of the 
decompression phase was sensitive to the cohesion and friction angle. The DPC 
parameters and friction coefficient reported in literature varied significantly. This 
variation could be due to poor experimental control such as material condition (moisture, 
crystallinity), lubrication of the material, lubrication of the die wall, and compression and 
decompression speed. In addition, the laboratory tests such as in-die compaction test, 
diametrical compression test, and uniaxial compression test are sensitive to compact 
height-to-diameter ratio [104,105]. Poisson’s ratio and Young’s modulus are very 
sensitive to the portion of the decompression curve used to calculate the slope. The high 
stress segment of the decompression curve produced higher Poisson’s ratio and Young’s 
modulus but the low stress segment produced lower values [98]. However, in the 
literature, very limited information on the control of experimental methods and 
specimens is available. Moreover, different expressions for deviatoric stress (q) were also 
used by different investigators. Expressions 2.15 and 2.21 are mathematically equivalent 
and were used by most authors [92,96,97,98]. However, Wu et al. [102] and Michrafy et 
al. [94] used Eq. 2.22, which gives a significantly different value of the q component of 
the stress states, and consequently, different DPC parameters from those obtained from 
using Eq. 2.15 or Eq. 2.21. 
𝑞 = ቂଵ
ଶ
൫(𝜎ଵ − 𝜎ଶ)ଶ + (𝜎ଶ − 𝜎ଷ)ଶ + (𝜎ଷ − 𝜎ଵ)ଶ൯ቃ
ଵ/ଶ







൫(𝜎ଵ − 𝜎ଶ)ଶ + (𝜎ଶ − 𝜎ଷ)ଶ + (𝜎ଷ − 𝜎ଵ)ଶ൯ቃ
ଵ/ଶ
                          (2.22) 
 
It was also demonstrated, experimentally and through FEM modeling, that a higher 
friction coefficient causes local stress and density distribution in the compact, which can 
lead to capping or lamination [97]. In a recent study, Sinha et al. [93] measured the 
density distribution in a compact experimentally, and predicted it by FEM simulation. 
When an unlubricated die, stationary lower punch, and moving upper punch conditions 
were used, the simulation predicted that the SF in the upper edges would be higher and 
that in the lower edges would be lower. The SF gradient would be also larger near the 
side wall of the compact.  
Table 2.12.  Local Stress and Density Distribution in Compact 
Parameter 
Studied 












High density regions 
developed around the outer 
edge of oblong, biconvex tab 
at high friction, and vice 
versa. 
At low friction, complex 
powder flow developed X-
shaped high density region in 
vertical cross section of the 
compact. 
Sinka et al. [97]; 





XRCT and FEA Lactose Intensive shear band ran 
from top edge to mid center 
causes capping during 
ejection. 
Wu et al. [102] 











FEM prediction was sensitive 
to experimentally determined 
material properties. 







2.5. Dry Granulation of Pharmaceutical Powder Mixtures 
Appropriate excipients, at the right combination in a powder mixture, are critical for a 
good quality tablet. Most pharmaceutical tablets are manufactured from a homogeneous 
blend of powders of varying physical, mechanical, and functional properties. Often, a 
granulation step is involved, in which larger multi-particulate entities of drug and 
excipient mix are produced [1]. Granulation locks the powder blend homogeneity, 
ensures robust downstream processing of the formulation to produce tablets with desired 
physico-mechanical properties (e.g., SF, TS, friability) and critical quality attributes 
(content uniformity and dissolution). Granule properties should be related to how they 
affect the final tablet attributes and downstream process performance.  
Typically, brittleness or plasticity of a formulation is balanced by using a combination of 
both plastically deformable excipients and brittle excipients. Some plastically deformable 
excipients are MCC of various grades, pregelatinized starch, sodium chloride, 
polyethylene glycol (PEG), aspirin, sodium stearate, and cellulose. Some brittle 
excipients are dicalcium phosphate, calcium carbonate, magnesium carbonate, lactose, 
mannitol, and sucrose. Direct compression behavior of plastic-plastic, plastic-brittle and 
brittle-brittle combinations of materials in various proportions has been extensively 
reported in the literature by T. Sinha [106]. In general, the compaction properties of 
binary mixtures do not follow simple linear mixing rules. 
Roll compaction, a continuous dry granulation process, is a preferred manufacturing 





deformable material requires higher compression pressure in a subsequent tableting 
operation to give tablets with TS similar to the directly compressed tablets. Since, a 
formulation is a multicomponent system, it is important to understand how an individual 
component of the granules influences the granule properties, and subsequently, the tablet 
properties. Table 2.13 lists experimental studies that focused on the effects of levels of 
certain excipients on granules and tablet properties.  However, the main focus of the 
majority of these studies was to optimize a formulation for certain product attributes or to 
optimize the process parameters, rather than to gain a better understanding of predictive 
mixing rules.   
Table 2.13.  Effect of Excipient Levels in a Formulation on Tablet Properties 
Properties 
Evaluated 





MCC and  
ibuprofen  
Grades of MCC,    
25-75% IBN, and          
RC pressure 
Higher MCC or 
ibuprofen level improved 
granules friability. 
Higher ibuprofen level 
improved tablet breaking 
force; 50% ibuprofen 
was the best.  
Inghelbrecht 














5-20% PEG, HPMC 
or carbopol,             
0-5% extra MCC, 
and  number of RC 
cycle 
20% HPMC and two RC 
pass provided the best 
tablet properties  
Turkoglu et 
al. [108] 
SF and TS of  
simulated 
ribbons 
APAP and MCC 6-10% APAP TS and Young’s 
modulus decreased at a 
higher APAP level.  







4-8% HPC, and 
30-50 bar RC 
pressure 
 
Higher HPC level 
eliminated the tablet 
capping tendency. Better 
ribbon density 
wasobtained at 40 bar 
RC pressure. 







Table 2.13. continue 
Properties 
Evaluated 







20-60% HPMC Higher HPMC level 
decreased the roll 
compacted tablet 
breaking force and 
slowed the dissolution 
Sheskey et al. 
[41] 












Particle size of 
theophylline, and     
0-100% MCC 
90% MCC in the mixture 
provided the highest 
tablet TS but made the 
formulation most 
sensitive to the roll 
compaction process 
Hadzovic et 
al. [ 111] 
TS of tablets Theophylline 
and MCC 
25-75% 
theophylline,         
particle size of MCC 
and theophylline, 
and in-gap ribbon 
porosity 
Higher theophylline 
level and larger particle 
size of both MCC and 
theophylline decreased 
the tablet TS. Higher 
ribbon porosity increased 
tablet TS. 
 
Herting et al. 
[112] 
TS of tablets MCC and lactose 25-75% Lactose, and 
roll force 
Higher lactose level 
decreased the sensitivity 
of tablet TS to the RC 
process 
Farber et al. 
[11] 












starch, 0-5% talc, 
and        lactose or 
mannitol 
Higher starch level 
decreased SF and TS of 
ribbons and particle size 
of granules. Lactose 
produced finer granules. 










and sorbitol            
( 45/130/236 
µm) 
Particle size and 
morphology of 
calcium carbonate, 
and particle size of 
sorbitol  
Finer sorbitol improved 
granule homogeneity and 
tablet TS. TS of tablets 
of binary mixtures was 
less susceptible to a roll 
compaction process. 
Bacher et al. 
[114,115] 
Granule 







0-25% cellulose,     
cellulose particle size 
Large particle size 
cellulose (P290 or A300) 
at 5% level provided best 
tablet quality.  







Inghelbrecht et al. [107] roll compacted binary mixtures consisting of 25% to 75% 
ibuprofen and MCC, and subsequently compressed the granules into tablets. Ibuprofen at 
a level of 50% or higher in the mixture positively influenced the granule and tablet 
strength. This effect was attributed to fragmentation and cold sintering of the ibuprofen 
particles under pressure. At the 50% level, ibuprofen minimized the effect on the tablet 
TS of strain hardening of the mixture during the roll compaction process. However, SF of 
ribbons was not controlled in this study. In addition, it was reported that 75% ibuprofen 
in the formulation resulted in the fastest dissolution; however, the dissolution results for 
the other combinations were not reported. 
Torkoglu et al. [108] conducted a 42-run design of experiment (DOE) study evaluating 
binder type (HPMC, Carbopol and PEG), binder level (5% to 20%), extragranular MCC 
level (0% or 5%), and number of roll compaction cycles (one or two) to optimize the 
acetaminophen tablet properties (e.g., TS, friability, disintegration time, and dissolution). 
HPMC at a level of 15%, and Carbopol at 15% with 5% MCC, along with two roll 
compaction passes produced tablets with the desired TS and disintegration time. On the 
other hand, PEG, even at a 5% level, prolonged the tablet disintegration time. In this 
study, a fixed ribbon SF was not controlled for all the formulations. In another study, 
Skinner et al. [110] optimized the binder (HPC) level to 8%, and the roll compaction 
pressure to 40 bar to eliminate the capping issue associated with an acetaminophen tablet 
formulation. 
There are a few reports in the literature that focused on the roll compaction of 





and their binary mixtures with 0% to 100% MCC PH101. The pure theophylline tablets 
were negligibly sensitive to the roll compaction process, whereas, the pure MCC tablets 
were very sensitive. This could be attributed to the brittle or plastic nature of the 
materials. Tablets prepared from the binary mixture of THAP with 90% MCC, whether 
directly compressed or roll compacted, were the strongest. However, sensitivity of the 
tablet TS to the roll compaction process increased as the level of MCC in the mixture 
increased. The maximum loss of TS of granulated tablets compared to the directly 
compressed tablets occurred at a 90% MCC level. A similar trend was observed for 
binary mixtures of theophylline and MCC [112], and for lactose and MCC [11]. Use of 
smaller particle size theophylline and MCC, and lowering the ribbon SF improved the 
tablet TS. The particle size impact of MCC in these studies could have been convoluted 
with the lubrication effects [51]. 
Chang et al. [113] evaluated roll compacted ribbon and granule properties for  
formulations containing a ductile model compound (25%), mannitol or lactose (quantity 
sufficient to achieve 100%), pregelatinized starch (0% to 25%), talc (0% to 5%) and 
magnesium stearate (1%). A higher level of poorly compressible starch in the formulation 
decreased the SF, and more significantly, the TS of the roll compacted ribbons. Roll 
compaction of binary mixtures of inorganic excipients and dry binders was also studied 
to improve the granule homogeneity and tablet TS [114,115,116]. Mixtures of calcium 
carbonate (ground, cubic and scalenhedral grades) with different particle size grades of 
sorbitol as a binder [114,115], and magnesium carbonate with different particle size 





and large particle size cellulose provided the best granules and tablet properties. Binders 
also made the binary mixtures less susceptible to the roll compaction process. Although 
the mechanism of binder function was not provided, fine sorbitol particles likely covered 
the calcium carbonate particle surface and thereby facilitated solid bridge formation 
under compaction pressure. On the other hand, cellulose likely bound magnesium 
carbonate particles by entanglement. However, in any of these studies, ribbon SF was not 
controlled. In addition, the presence of moisture, which plays an important role in binder 
effectiveness, was not controlled in these studies. 
  
2.5.1. Mixing Rule for Powder Compaction 
Several researchers have attempted to predict the compaction behavior of powder 
mixtures from the constituent properties. The majority of the experimental works 
reported in the literature studied tablet TS as a marker [106]. The properties of binary 
mixtures generally can be classified as illustrated in Figure 2.18. Curve a in the figure 
represents no interaction, where the mixture properties vary linearly with the constituent 
fraction. Curves c and e, and b and d in the figure, are positive and negative interactions, 







Riepma et al. [120] evaluated the strength of tablets prepared from the binary mixtures of 
fine (32 to ???????and coarse (250 to ????????particle size fractions of lactose 
monohydrate. Results showed that the fine material produced stronger tablets than the 
coarse material. Tablets prepared from a low level of fines in the mixture were weaker 
than those prepared from the individual materials. This observation was correlated with 
the specific surface area of the tablet, which was considered to be an indicator of the 
bonding area.  
In a more recent study, Koynov et al. [121] evaluated binary mixtures of MCC and fine 
acetaminophen (APAP) powder, and suggested that the compaction behavior exhibited 
by the size disparities between constituents may not be predicted by most empirical 
models. The authors proposed that, during the compaction process, fine APAP particles 
would preferentially migrate into the void spaces between the large MCC particles, and 
thereby would relax the stress of the compact. This rearrangement of the particles would 
also shield the fine APAP particles from deformation (Figure 2.19). In a similar study, 
Mohammed et al. [122] proposed that the TS of a binary compact would be related to the 
plastic energy. The authors demonstrated that the TS of binary tablets composed of 
APAP and MCC was dominated by the APAP powder, if present at a 46% or higher 
level. MCC dominated the TS, if present at a 61% or higher level in the mixture. To 
summarize, TS of tablets prepared from most binary mixtures does not follow a simple, 






Table 2.14.  List of Models for Strength of Compacts Formed from  Pharmaceutical 
Powder Mixtures 
Reference Model/Equation Notes 
Kuentz et al. 
[126] 
γ஺ା஻ = 𝑥஺ ∙ 𝛾஺ + (1 − 𝑥஺) ∙ 𝛾஻                                      (2.23) 
where γ஺, γ஻, γ஺ା஻ are compressibility of component A, B 
and their mixture. 𝑥஺ is the mass fraction of component A. 
Simplified linear model 
for binary mixtures 
Amidon et 
al. [123] 
log φ஺ା஻ = 𝑥 ∙ 𝑙𝑜𝑔𝜑஺ + (1 − 𝑥) ∙ log  φ஻                   (2.24)    
where 𝜑஺, φ஻, φ஺ା஻ are strength of compact prepared from 
component A, component B and their mixture, respectively, 
at a given SF. x is the fraction of component A.  
Simplified log based 
linear model for binary 
mixtures 
log φ௙௢௥௠௨௟௔௧௜௢௡ = 𝑦 ∙ 𝑙𝑜𝑔𝜑஺௉ூ + (1 − 𝑦) ∙ log φ஺ା஻ (2.25)   
where 𝜑஺௉ூ, φ஺ା஻, φ௙௢௥௠௨௟௔௧௜௢௡  are strength of compact 
prepared from API, placebo mixture of components A and 
B, and the formulation, respectively at a given SF. y is the 
fraction of API in the formulation.  
Simplified log based 
linear model for a 
formulation consisting of 





𝜎்(஺஻) =  𝜎 ೘்ೌೣ(஺஻) ∙ ൣ1 − 𝑒
ఊ(ಲಳ) ∙ ఘ(ಲಳ) ∙ ௉൧
                   (2.26)    
where 𝜎்(஺஻) is the TS of the compact,  𝜎 ೘்ೌೣ(஺஻) is the 
maximal TS of the mixture at SF=1 [𝜌(஺஻)=1], 𝛾(஺஻)  is a 
constant (material specific parameter), the degree of volume 
reduction under applied pressure P, a constant, A and B are 
the mixture components.  
Linear additivity rule was 
used for 𝛾(஺஻).  The 
𝜎 ೘்ೌೣ(஺஻)was estimated 
from the maximum TS of 
individual components 
using the equation: 
𝜎 ೘்ೌೣ(஺஻) =  𝜎 ೘்ೌೣ(஺)




where xA is the mass 
fraction of component A. 
Kuentz et al. 
[126] 
𝜎்(஺஻) = 𝑘஺஻ (𝜌௥(஺஻) − 𝜌௖(஺஻))்೑                               (2.27)    
where kAB, ?r(AB) and ?c(AB) are the material constant, SF of 
the binary tablet, and critical SF of the mix (which is 
defined as the minimum SF to form a compact), and the Tf 
(=2.7) is a universal constant related to the particle contact 
network. 𝜎்(஺஻) is the TS of the binary compact. 
A percolation theory 
based model.                         
The SF of the dominating 
component assumed to be 






்೑ൗ  ∙  ൣ𝜌௥(஺஻) − 𝜌௖(஺஻)൧ = 𝑎 ∙ 𝜌௥(஺஻) + 𝑏  (2.28)    
where a and b are the slope and intercept of the linear 
relationship (inverse exponent plot).                                
A percolation theory 
based model. Validity of 
the relationship affected 
by the mass fraction of 
the dominant component.     
A clear and consistent 
way to determine these 
constants is lacking. 
Leuenberger 
et al. [125], 
Kuentz et al. 
[126] 
𝜎 ೘்ೌೣ(஺஻) =  ൣ𝜎 ೘்ೌೣ(஺)൧
Ƞ
∙  ൣ𝜎 ೘்ೌೣ(஻)൧
(ଵିȠ)
                  (2.29)    
where ? is the volume fraction of component A. 




Wu et al. 
[129] 
𝜎்(஺஻) = 𝜎௠௔௫(஺஻) ∗  𝑒ି௞(ಲಳ) ∙ൣଵିఘೝ(ಲಳ)൧                        (2.30)    
where kAB, ?r(AB) and ?max(AB) are the material constant, SF 
of the binary tablet, and TS of binary compact at zero 
porosity (SF=1). 
A Ryshkewitch-
Duckworth (R-D) model 
based approach.      
?max(AB) and  k(AB) can be 
calculated from the linear 






Kuentz et al. [126] evaluated the TS of tablets prepared from binary mixtures of MCC 
PH101 and APAP powder. They used a percolation theory-based model (inverse 
exponent linear plot), and demonstrated that the percolation threshold for compact SF 
increased approximately linearly as the MCC fraction in the binary mixture decreased. 
This percolation threshold is the critical compact SF at which a network of relevant 
contact points is built, and the compact is not coherent below this SF. The critical 
compact SF predicted by the model was ~0.24 for MCC and ~0.62 for APAP.  
Michrafy et al. [127] experimentally determined the TS of binary compacts of MCC, 
silicified MCC (SMCC) and high density silicified MCC (SMCC-HD) with lactose at 
75%/25%, 50%/50%, and 25%/75% proportions. The TS of tablets increased with the 
increasing cellulose level in the mixture, and with the increasing SF of tablets. In 
addition, the bonding capacity constant (k), and the TS of tablets at zero porosity (𝜎 ೘்ೌೣ) 
for the individual components were determined using the Ryshkewitch-Duckworth (R-D) 
model. From the individual component results, k and 𝜎 ೘்ೌೣ for the powder mixtures were 
estimated using both the linear mixing rule (L) and the power law (P). The TS of binary 
tablets was then predicted using the modified R-D model, where four combinations (LL, 
LP, PL, PP) of k and 𝜎 ೘்ೌೣ  were used. Results showed that the LP combination of k and 
𝜎 ೘்ೌೣgave the best prediction for SMCC/lactose and SMCC-HD/lactose mixtures, 
whereas, the PL combination was the best for MCC/lactose mixtures. This result 
highlighted the composition dependency of the model.   
In another study, Patel et al. [128] applied the R-D model and the percolation law to 





phosphate. Both combinations of power law and linear mixing rule for the constants (k, 
𝜎 ೘்ೌೣ and Tf) best predicted the TS of binary tablets. However, the model-predicted TS of 
binary tablets was consistently approximately 30% to 50% higher than the experimental 
values. The experimentally determined TS of tablets was also highly variable. In contrast, 
Wu et al. [129] demonstrated that the modified R-D model can predict the TS of binary, 
ternary, and quaternary mixtures of MCC, HPMC, lactose, and starch (Figure 2.20). The 
model slightly overestimated the TS of tablets at a SF less than 0.55. The constants in the 
model, k and 𝜎 ೘்ೌೣ, were estimated from the individual components using the linear 






Sinha et al. [106] implemented a multi-particle finite element method (MPFEM) to 
investigate micromechanics of binary particulate systems. MPFEM predicted that a 
balance between particle sizes, particle material properties, and particle packing would be 
required to obtain a reasonable formulation. The presence of a higher proportion of 
particles with low yield strength and high Young’s modulus in a mixture could be 
beneficial. Particles with low yield strength would densify easily and require less energy 
for equivalent deformation compared to particles with high yield strength. Particles with 
high Young’s modulus would experience less post-compaction elastic recovery. The 
Young’s modulus of a binary mixture would be negatively influenced by the constituent 
with a lower Young’s modulus. MPFEM also predicted that particle size disparity 
between plastically deformable components in a mixture would not impact the 
compaction if the ratio between the small and large particle radii was >0.7. The model 
also predicted that increasing the inter-particulate bonding area would increase the TS of 
the compact.  
In a more recent report, LaMarche et al. [96] screened the compaction behavior of a 
binary mixture of an undisclosed model API and MCC (70%/30%), and various wet 
granulation and dry granulation formulations containing ~3% to 75% of API, by 
determining the DPC parameters, Young’s modulus and Poisson’s ratio. The authors 
correlated these measured parameters of formulations with compaction problems such as 
ejection, capping, cracking, and low strength of tablets. In another report, Swaminathan 
et al. [101] determined the DPC parameters for 10% APAP/90% MCC blend. The 





friction angle; however, it increased the hydrostatic yield stress and Young’s modulus, 
and decreased the cap eccentricity parameter and Poisson’s ratio. In these studies, how 
the varying levels of one component in a mixture affects the compaction mechanics of the 
other components was not evaluated.  
 
2.6. Critical Summary and Research Objectives 
A survey of the literature on dry granulation has shown that granule properties (e.g., SF, 
size, and shape) affect quality attributes (e.g., TS, SF, friability, disintegration time, and 
dissolution rate) of tablets. For a rational development of a quality product, it is important 
to understand mechanistically the relationship among the granule compositions, 
individual granule properties, downstream robust processing, and the final product 
attributes. To accomplish this, it is important to study simple systems with precisely 
controlled properties. In the literature, there are examples of studies showing that granule 
SF and/or granule size significantly affect the TS of tablets. However, milled granules 
that are polydisperse in SF, size, and shape were used for these studies and the effect of 
an individual granule property independent of the others was not determined. To 
accomplish this, granule properties need to be decoupled and independently 
varied. Therefore, to advance the mechanistic understanding of the effect of dry 
granulation on TS of tablets, deconvolution of the relative effect of granule size versus 





A mechanistic model for TS of tablets prepared from granules is lacking in the literature. 
To develop a mechanistically based quantitative model for tablet strength, it is important 
to understand not only the ‘what’ but also ‘how’ the granule properties of interest affect 
the TS of tablets. In the literature, a common perception is that during the breaking force 
test, the fracture plane is created between neighboring granules. This stems from the 
assumption that intragranular strength is higher than the bonding strength between 
granules. However, when a compact or tablet is formed from deformable granules, a 
homogeneous tablet matrix with monomodal pore distribution, or a heterogeneous tablet 
matrix with large extragranular voids, can be obtained. Depending on the microstructure, 
a tablet may fracture through the deformed granules in the tablet matrix (intragranular 
fracture) or along grain boundaries between the deformed granules (extragranular 
fracture). However, the fracture surface of tablets prepared from granules has not been 
mapped to identify and quantify these fracture types as a function of granule properties. 
In addition, the extent to which of intragranular and extragrnular fracture affects the TS 
of tablets has not been determined. 
A formulation is a multicomponent system, the mechanical properties of which are 
typically balanced by using a combination of plastically deformable and brittle 
excipients. Granules that are composed of appropriate ingredients, at an appropriate ratio, 
with appropriate properties, are important for robust production of quality tablets. A 
plastically deformable material requires higher compression pressure in a subsequent 
tableting operation to give tablets with TS similar to the directly compressed tablets. The 





components, and alter the granule and tablet properties. To mechanistically understand 
this, granule properties and granules composition need to be precisely controlled and 
individually varied. In the literature, the effects of dry granulation and an individual 
component of the granules on the overall compaction behavior of a formulation has not 
been studied.  
With these gaps in knowledge, the specific objectives of this thesis are to:  
1. Separate the impact of granule SF and granule size on the tablet TS by using  
MCC monodisperse granules, the size, shape, and SF of which are precisely 
controlled and independently varied. This is covered in Chapter 4. 
 
2. Develop a novel method to directly identify and quantify intragranular versus 
extragranular fracture of tablets prepared from deformable MCC monodisperse 
granules, which is covered in Chapter 5. 
 
3. Determine the impact of dry granulation and monodisperse granule SF on the  
compaction behavior of plastically deformable material such as MCC by 
calibrating the DPC parameters, which is covered in Chapter 6. 
 
4. Determine the effect of the level of a brittle excipient, mannitol, on the  
compaction behavior of the MCC/mannitol binary monodisperse granules by 







??????????????? size fraction of MCC and MNT powders were obtained by sieving and 
????????????????????????????-????????????????-MNT, respectively. In addition, a 300 
??????????????????????????? ??????????????????????????????????????????????????-MCC. 
All the powders were equilibrated at 20°C/30% RH condition for 24 hours prior to 
forward processing to eliminate the impact of moisture content variability on compact’s 
mechanical properties [23]. The true density of V-MCC and V-MNT are 1.556 g/cc [131] 
and 1.514 g/cc [132], respectively. Solid fraction of the tapped powder bed was 0.25 and 
0.48 for V-MCC and V-MNT, respectively. 
 
3.2.Preparation of Dry Granules 
3.2.1. Monodisperse Granules 
Monodisperse granules of precisely controlled size, shape, and SF were produced by 
directly compressing powder using a Korsch EK0 (Korsch Pressen, Berlin, Germany) 
tablet press equipped with standard concave, multi-tip tooling. To obtain particle size to 
die diameter ratio approximately constant, two narrow sieve cut fractions of the same 
??????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????? ????????????????????????????????????????
used. The SF of granules was controlled by varying the granule weight while keeping the 
thickness same. The press speed was 1-2 strokes/ min (manual operation) for 3 mm 
diameter and 30 strokes/ min (automatic operation) for 1.5 mm diameter granules. To 





were equilibrated at 20°C/30% RH for 24 hours and stored in airtight glass containers 
until being characterized (for weight, thickness, and breaking force) and forward 
processed into tablets.  
 
3.2.1.1. MCC Monodisperse Granules 
Monodisperse granules of two different diameters (1.5 mm and 3 mm), three different 
thicknesses (nominally 1.5 mm, 2.2 mm and 3 mm), varied SF (in the range of 
approximately 0.40 to 0.80) , and of same shape (biconvex cylindrical compact) were 
prepared for experiments described in Chapters 4 and 6. Neither the V-MCC powder nor 
the monodisperse granules were lubricated. 
 
3.2.1.2. Colored MCC Monodisperse Granules 
V-MCC was mixed with 2% (w/w) FDC blue 2, iron oxide red and iron oxide black 
powder using a Turbula mixer (model T2F, Willy A. Bachofen AG, Basel, Switzerland) 
for 10 minutes at 32 rpm to obtain blue, red and grey colored MCC powder. White, blue, 
red and grey colored monodisperse granules of precisely controlled size (1.5 mm 
diameter x 1.5 mm thickness), shape (biconvex cylindrical compact), and SF (nominally 





powder, and were used for the experiments described in Chapter 5. Neither the V-MCC 
powder nor the monodisperse granules were lubricated. 
 
3.2.1.3. MCC-MNT Binary Monodisperse Granules 
V-MCC and V-MNT powders were mixed together for 10 minutes using a Turbula mixer 
(model T2F, Willy A. Bachofen AG, Basel, Switzerland) at 32 rpm to produce powder 
blends containing 25%, 50%, and 75% Mannitol. Individual powders and their binary 
mixtures were then mixed for 20 minutes with 1% sodium stearyl fumarate as an internal 
lubricant. Monodisperse granules of precisely controlled size (1.5 mm diameter x 1.5 mm 
thickness), shape (biconvex cylindrical compact), and SF (0.58+0.01) were produced for 
the experiments described in Chapter 7. Monodisperse granules were not further 
lubricated. 
 
3.2.2. Preparation of MCC Milled (Polydisperse) Granules 
A Carver press (Carver, IN, USA) was used to compress 3g slugs ?????????????-MCC 
powder using 28.5 mm round flat-faced round tooling. Compressive stresses of 
approximately 15, 44 and 183 MPa were used to produce slugs with solid fractions of 
approximately 0.5, 0.7, and 0.9, respectively. To allow post ejection relaxation, slugs 





weight, thickness, and breaking force) and milling to produce granules. Slugs were milled 
at ~100 rpm on a Mini-Frewitt rotary mill equipped with a four-bar impeller and a 12 
mesh square screen. Milled granules were sieved by tapping for five minutes on a Rotap 
sieve apparatus (model RX29, W. S. Tyler, Mentor, Ohio). Sieve fractions of <300, 355-
500, and 850-???????????????????????????????????????????????????????????????????????????
approximate mid-??????????????????????????????????????????????????????????????????????
of each sieve fraction was estimated using mercury intrusion porosimetry. Milled 
granules were equilibrated at 20°C/30% RH and stored in airtight glass jars until being 
further processed. Milled granules were used for experiments described in Chapter 4. 
 
3.3.Preparation of Tablets 
3.3.1. 25.4 mm Tablets from V-MCC and MCC Monodisperse Granules 
All granules/powders were tumbled for 1 minute at 32 rpm on a Turbula mixer (model 
T2F, Willy A. Bachofen AG, Basel, Switzerland) prior to compaction. For each set of 
conditions, three tablets were made (n=3). Tablets were produced using the same 
compression method as that used to produce slugs except that the die wall was lubricated 
with magnesium stearate powder, die cavity was filled with monodisperse granules and 
tablets were produced with a weight of 5+0.01 g. Compressive stresses of approx. 55, 80 
and 110 MPa were used to produce tablets with nominal solid fractions of 0.72, 0.80, and 





scintillation vials for at least 24 hours prior to testing for weight, thickness, and breaking 
force. These tablets were used for experiments described in Chapter 4. 
 
3.3.2. 10 mm Tablets from V-MCC and MCC Milled Granules 
All granules/powders were tumbled for 1 minute at 32 rpm on a Turbula mixer (model 
T2F, Willy A. Bachofen AG, Basel, Switzerland) prior to compaction. For each set of 
conditions, three tablets were made (n=3). Tablets were produced using the same 
compression and lubrication methods as described in Section 3.3.1 except that (1) an 
Instron universal testing machine (model 5569, Instron Ltd., Buckinghamshire, United 
Kingdom) was used with a 50 mm/min compression/decompression rate (zero dwell 
time) and (2) tablets were produced with a diameter/weight of 10 mm/350+5 mg. 
Compressive stresses of approx. 60, 100 and 130 MPa were used to produce tablets with 
nominal solid fractions of 0.74, 0.80, and 0.84, respectively. To allow post ejection 
relaxation, tablets were stored in airtight scintillation vials for at least 24 hours prior to 
testing for weight, thickness, and breaking force. These tablets were used for experiments 






3.3.3. 12.5 mm Tablets from MCC Colored Monodisperse Granules 
At each granule SF, equal proportions of granules, by weight, of all four colors were 
mixed together for 10 minute at 32 rpm on a Turbula mixer (model T2F, Willy A. 
Bachofen AG, Basel, Switzerland) prior to compaction. Tablets were produced using the 
same compression and lubrication methods as described in Section 3.3.2. Compressive 
stresses of approximately 60, 100 and 200 MPa were used to produce tablets with 
nominal SF of 0.72, 0.81, and 0.90, respectively. For each set of conditions, five tablets 
(n=5), weighing 1.1 g each were made using 12.5 mm flat face tooling.  To allow post 
ejection relaxation, tablets were stored in an airtight scintillation glass jars for at least 24 
hours prior to measuring weight, thickness, and breaking force. These tablets were used 
for experiments described in Chapter 5. 
 
3.3.4. 12 mm Tablets from V-MCC Powder, and MCC, MCC/MNT and MNT 
Monodisperse Granules 
All granules/powders were tumbled for 1 minute at 32 rpm on a Turbula mixer (model 
T2F, Willy A. Bachofen AG, Basel, Switzerland) prior to compaction. Tablets were 
produced using an Instron universal testing machine (model 5569, Instron Ltd. 
Buckinghamshire, United Kingdom) equipped with 12-mm flat face tooling. For each set 
of conditions, five tablets were made (n=5) at each of three different SF and two different 
thicknesses (6 mm and 12 mm). Tablet weights were varied to obtain the intended 





with magnesium stearate powder. The punch displacement rate was 5 mm/min for both 
compression and decompression phases. To allow post ejection relaxation, tablets were 
stored in airtight scintillation glass vials for at least 24 hours before measuring weight, 
thickness, and breaking force. 
Tablets with nominal SF of 0.69, 0.79, and 0.89 were prepared from V-MCC and MCC 
monodisperse granules (Table 6.1) using compressive stress of approximately 47, 83, and 
159 MPa, respectively for the DPC experiments described in Chapter 6. On the other 
hand, compressive stress was adjusted as required for each MCC/MNT composition to 
produce tablets with nominal SF of 0.69, 0.79, and 0.88 (Table 7.1) for the DPC 
experiments described in Chapter 7.  
 
3.4. Characterization 
3.4.1. True Density of Powder Mixture 
The true density of powder mix was determined from the weight fractions and true 




                                                                (3.1) 
where mi and ?i denote the weight percent and true density of constituent powder, 






3.4.2. SF of Monodisperse Granules, Slugs, and Tablets 
Monodisperse granules (which are round convex faced compacts), and round flat faced 
tablets and slugs were characterized (out-of-die) for weight, thickness, and breaking 
force.  Solid fractions were calculated as [15]: 
𝑆𝐹 = (௠/ఘ೟)
ଶ∙௏೎ೠ೛ା஺೏೔೐ ∙ ൫௧ିଶ∙ௗ೎ೠ೛൯
                                               (3.2) 
where m, ?t, Vcup, Adie, t and  dcup are defined as tablet mass, true density of powder, cup 
volume of the punch, die hole area, out-of-die thickness of the compact, and cup depth of 
the punch, respectively.  
 
3.4.3. SF of MCC Milled Granules 
To determine the SF of milled granules, intra-granular pore volume was measured by 
mercury intrusion porosimetry using a Micromeritics AutoPore IV Mercury Porosimeter 
(Micromeretics Instrument Corporation, GA, USA). Mercury was prefilled at ~1 psi 
pressure, and the intrusion volume was determined at 1-33000 psi pressure with an 
equilibration time of 10 sec.  The intra-granular pore volume was estimated by the Hg 
intrusion volume using pore throat diameters calculated for each granule size according 
to the work of Roozbahani [133]. Pore throat diameter corresponds to diameter of the 





a randomly packed bed of spheres. Pore throat diameters of spherical 150, 425 and 1000 
?? ???????????????????????????????????????????????????????????????????????????????????
The intra-granular pore volume was also estimated by the Hg intrusion volume at a cut 
off intrusion pressure of 5 psi which corresponds to pore throat diameter of 




                                                        (3.3) 
where, VMCC and Vpore are defined as the true volume of MCC particle and the volume of 
intra-granular pores, respectively. 
 
3.4.4. Deformation Potential 
Tapped SF of granule bed was determined from the tapped density and packing fraction 
of the granule bed after 2500 taps using the following equation: 
𝑆𝐹௕௘ௗ = (1 − 𝜀௕)  ∙ 𝑆𝐹ீ௜                                                       (3.4) 
where 𝜀௕ is the voidage of the packed bed and 𝑆𝐹ீ௜  is the initial SF of granules. As the 
bed is compacted, the granules will deform plastically to increase the SF of tablets. Thus, 
the ‘deformation potential ???’ was defined and calculated as: 





3.4.5. Optical and Scanning Electron Microscopic (SEM) Images of Granules, Tablets 
and Fracture Surfaces of Tablets 
Optical images were collected for monodisperse granules, tablets prepared from 
monodisperse granules, and fracture surfaces of tablets created during the breaking force 
test using a Keyence digital microscope. SEM images of monodisperse granules were 
taken with an FEI Quanta 200 FEG SEM (version 2.4, FEI Company, OR, 
USA).  Samples were coated with gold:paladium (60:40) and scanning was completed at 
0.3 Torr pressure and 10 kV beam energy. SEM images of milled granules were taken 
using an Aspex SEM (model SIRIU S10/UTW/SEM, Aspex LLC, United Kingdom) with 
Perception Console v 2.6.0 software. Samples were not coated and scanning was done 
using variable pressure mode and 20-21 kV beam energy.  
 
3.4.6. Image Analysis of Fracture Surfaces of Tablets Prepared from Colored 
Monodisperse Granules 
The area of differing color between the two fracture surfaces of a tablet prepared from the 
color granule mixtures was measured using a macro developed in the FIJI distribution of 
ImageJ software [134, 135, 136, 137]. The color-mismatch algorithm works based on the 
assumption that there is a notable intensity difference between the different 
colors.  Colors of different hue or saturation but similar intensity end up being counted as 
the same color.  Alternatively, the same color that is heavily textured or varying in 





Figure 3.2 shows the flow diagram for the image analysis. In the first step of the macro, a 
median filter was applied to the image to reduce texture that would otherwise be 
identified as a different color than the surrounding granule.  Rectangular regions to be 
analyzed from the fracture surfaces were selected, visually adjusting the regions to match 
as closely as possible.  The right-hand region was flipped horizontally to match the 
orientation of the left-hand region.  Any remaining position or orientation misalignment 
was corrected by registration with the StackReg plugin [137].  The regions were 
converted to greyscale and the difference between the intensity of the two matched 
regions was calculated.  The total area of the region and the area where the intensity 
difference was greater than a threshold (red area) were both measured.  The matching 







𝐴௠ + 𝐴௠௠ = 1                      (3.7) 
𝐴ூீ + 𝐴ாீ = 1          (3.8) 
the extragranular and intragranular fracture area fractions are: 
𝐴ூீ =  
ଵ
ଷ




 ∙ 𝐴௠௠ = 
ସ
ଷ
(1 − 𝐴௠)                                          (3.10)                         
where Am, Amm, AIG, AEG were defined as color match area fraction, color mismatch area 
fraction, the intra-granular fracture area fraction  and the extra-granular fracture area 
fraction, respectively. 
 
3.4.7. Diametrical Tensile Strength of Monodisperse Granules and Tablets 
The diametrical breaking forces of monodisperse granules were measured using a Zwick 
Testing System (Zwickiline 2.5kN, Zwick GmbH & Co. Germany) equipped with a 
Zwick Xforce 500 N load cell. Breaking forces of tablets and slugs were measured using 
an Instron universal testing machine (model 5569, Instron Ltd. Buckinghamshire, UK) 
equipped with either a 1 kN or 50 kN load cell. Thicknesses of compacts were measured 
using a Mitutoyo Absolute digital thickness gauge (Mitutoyo Mexicana S.A., Mexico). 
Weights of monodisperse granules, tablets and slugs were measured using a Mettler 





Tensile strength (𝜎஽஼) of monodisperse granules and tablets were calculated using the 




                                                          (3.11) 
where Fc, D, and Veq are defined as diametrical breaking force of the compact, diameter 
of the compact, and equivalent volume of the compact, respectively. Eq. 3.11 reduces to 




                                                             (3.12) 
Francke et al. [138] demonstrated by using the height (H) of a flat face tablet having the 
same volume (Veq) and diameter (D) as a convex tablet that Eq. 3.11 is suitable for 
calculating TS of both round flat-faced and convex-faced tablets.  Equivalent volume of a 
convex tablet is calculated as (𝑉௘௤ = గ∙஽
మ∙൫௧ିௗ೎ೠ೛൯
ସ
+ 2 ∙ 𝑉௖௨௣) where D, t, dcup and Vcup are 
the diameter of the tablet, total thickness of the tablet, cup depth of the tooling and cup 
volume of the tooling, respectively. Equivalent volume of a flat face tablet is calculated 
as (𝑉௘௤ = గ∙஽
మ∙ு
ସ
) where D and H are diameter and thickness of the tablet, respectively. 
The hydrostatic stress (𝑝஽஼) and the deviatoric stress (𝑞஽஼) components of the diametrical 




                                                             (3.13) 





While Eqs. 3.13 and 3.14 were utilized for consistency with Cunningham et al. and others 
in the literature [92,96,97,98,101], it should be noted that the stress state described by 
these equations is technically only applicable to the center of the tablet. Portions of the 
tablet closer to the compression platens are subjected to significantly larger stresses as 
described by Procopio et al. [140].   
 
3.4.8. Uniaxial Compression Strength of Tablets 
Uniaxial breaking forces of 12 mm tall tablets were measured using an Instron universal 
testing machine (model 5569, Instron Ltd. Buckinghamshire, UK). Tablets were 
compressed axially between two rigid platens at a compression rate of 5 mm/min. Ideally, 
the compact fails at a maximum shear stress developed at a 45° angle to the direction of 
applied axial stress [141,142]. Uniaxial compression strength of a tablet (𝜎௎஼) was 




                                                            (3.15) 
where FUC, and D are defined as uniaxial breaking force and diameter of the tablet, 
respectively.  
The hydrostatic stress (𝑝௎஼) and the deviatoric stress (𝑞௎஼) components of the uniaxial 









                                                             (3.16) 
𝑞௎஼ = 𝜎௎஼                                                             (3.17) 
 
3.4.9. In-die Compaction of Tablets - Axial and Radial Stresses and Elastic Properties 
An Instron equipped with a 50 kN load cell, and an instrumented die with 12-mm round 
flat face punches, were used for in-die compaction of 12-mm tall tablets. A piezoelectric 
stress sensor (2.5 mm diameter, model 6159A- SN4257057, Kistler Instruments AG) was 
mounted in the die wall, ground cylindrically, and was in contact with the powder 
compact. The center of the sensor was positioned such that it collected the peak radial 
stress from the middle of the tablet. The compression and decompression rate was 5 
mm/min with zero dwell time. Axial stress data were logged by the Instron data 
acquisition system. Radial stress data were logged using an Omega OM-SQ2040 data 
recorder equipped with a Kistler charge amplifier type 5073 - RS232c. Data logging 
frequency was 100 Hz throughout the compression and decompression processes. For 
each compaction cycle, the inner die wall and punch tips were lubricated with magnesium 
stearate powder prior to adding powder or granules into the die cavity.  









where 𝐹ூ஼஺ is the peak axial force and D is the diameter of the punch face. The peak 
radial stress (𝜎ூ஼ோ) was captured directly by the radial sensor without additional 
calculations.  
The hydrostatic stress (𝑝ூ஼) and the deviatoric stress (𝑞ூ஼) components were also 
determined from the maximum axial and radial stresses recorded during the in-die 
compaction process [92]. 
𝑝ூ஼ =
ఙ಺಴ಲ ା ଶ ∙ ఙ಺಴ೃ
ଷ
                                                      (3.19) 
𝑞ூ஼ = 𝜎ூ஼஺ − 𝜎ூ஼ோ                                                             (3.20) 
The axial strain (𝜀஺) was corrected for the punch stiffness and calculated as [92]:                  
𝜀஺ = 𝐿𝑛[(𝐻଴ − 𝑃௎ + 𝑃஽)/𝐻଴]                                            (3.21) 
where H0 is the initial specimen height, PU is the upper punch displacement, and PD is 
the punch deformation determined by compressing the punches in an empty die cavity.  
From the slope of the decompression phase of the axial and radial stress versus axial 
strain profiles, Poisson’s ratio (?) and Young’s modulus (E) were calculated using Eq. 
3.22 and Eq. 3.23 [92]. A linear fit of the top 200 data points corresponding to the first 
two seconds of decompression was used to calculate slopes for all the samples. 
Assumptions are made that the radial strain is zero, and the circumferential and radial 

















                                                    (3.22) 
𝐸 = ൬ௗఙ಺಴ಲ
ௗఌಲ
೐ ൰ − 2𝑣 ൬
ௗఙ಺಴ೃ
ௗఌಲ
೐ ൰                                               (3.23) 
where ൬ௗఙ಺಴ಲ
ௗఌಲ
೐ ൰  and ൬
ௗఙ಺಴ೃ
ௗఌಲ
೐ ൰ are the slope of the decompression phase of the axial stress to 
elastic strain and the radial stress to elastic strain curve, respectively. 𝜖஺௘ is the elastic 
strain during the decompression phase.  
 
3.4.10. Determination of DPC Parameters 
DPC parameters were determined based on the work by Cunninghum et al. [92]. From 
the uniaxial compression and diametrical breaking force tests, material cohesion (d) was 
calculated using the following equation: 
𝑑 = ఙೆ಴.ఙವ಴∙൫√ଵଷିଶ൯
ఙೆ಴ାଶ∙ఙವ಴
                                                      (3.24) 
The internal friction angle (?) of the material was calculated using Eq. 3.25: 
𝛽 = 𝑡𝑎𝑛ିଵ ቂଷ∙(ఙೆ಴ିௗ) 
ఙೆ಴
ቃ
                                                      (3.25) 







మ ାଶସ∙ௗ∙௤಺಴ ∙௧௔௡ఉ ାଶସ∙௣಺಴∙௤಺಴∙(௧௔௡ఉ)మାଵ଺∙௤಺಴
మ ∙(௧௔௡ఉ)మ)
ସ (௧௔௡ఉ)మ
        (3.26) 
where 𝑝ூ஼  and 𝑞ூ஼  are the hydrostatic stress and deviatoric stress components of the in-die 
compaction stress state, respectively. 
The cap eccentricity parameter (R) was calculated using Eq. 3.27: 
𝑅 = ටଶ∙(௣಺಴ି௣ೌ)
ଷ∙௤಺಴
                                                                            (3.27) 
The hydrostatic yield stress (pb) was calculated using the following equation:  






CHAPTER 4. IMPACT OF GRANULE SOLID FRACTION VS. GRANULE SIZE  
4.1. Introduction 
Section 2.2 of the literature review demonstrated that dry granulation of plastically 
deformable materials significantly decrease the TS of downstream tablets compared to 
the directly compressed tablets at the same tablet SF. There are a number of alternative 
explanations in the literature on the dominant mechanism for the reduction in tablet 
strength produced from dry granules.  However, milled granules that are polydisperse in 
SF, size and shape were used in these studies, which convoluted the experimental results. 
To deconvolute the relative impacts of SF versus granule size on tablet TS, it is critical to 
vary these two properties independently. This chapter presents a novel use of 
monodisperse granules to deconvolute the impact of granule SF and granule size on the 
TS of tablets. The use of monodisperse granules allows independent and precise control 
of granule SF and size. The impacts of granule size and granule SF on tablet TS are 
explored with surprising results. Control experiments are also presented using milled 






Tablets prepared from monodisperse granules were of 25.4 mm diameter with SF in the 
??????????????????????? ??????????????????????????????????????????-MCC by slugging 
followed by milling operation, and were subsequently compressed into tablets, as 
??????????????????????????????????????? ??????????????????????????????????????????????
size, and nominal SF in the range of 0.50 to 0.90 were used (Table 4.2). Tablets prepared 
from milled granules were of 10 mm diameter with SF in the range of 0.74 to 0.84. 
Neither the V-MCC powder nor the granules were lubricated in this study. 
Table 4.1.  Monodisperse Granules and Tablets Prepared There From 





















1.5 22 0.38, 0.61, 0.74 0.80 
2.2 28 0.38, 0.52, 0.57, 0.68, 0.76 0.73, 0.80, 0.84 
3.0 36 0.40, 0.58 0.80 
 
Table 4.2.  Milled Granules and Tablets Prepared There From 











0.50, 0.69, 0.89 
 
150, 425, 1000 
 
0.74, 0.80, 0.84 
 
Monodisperse granules, slugs and tablets were characterized for SF from their out-of-die 
dimensions, and the true density of V-MCC, as described in Section 3.4.2. SF of milled 
granules was measured by Hg porosimetry test (method described in Section 3.4.3). TS of 
monodisperse granules, tablets prepared from monodisperse granules, and tablets 














granule size significantly impacted the tablet TS (p<0.0001). This observation is 
consistent with the common expectation that smaller granules make stronger tablets. 
However the right hand side of Figure 10 suggests that smaller milled granules do not 
produce stronger tablets. ANOVA shows that granule size is no longer a significant 
contributor to tablet TS (p = 0.3744). This observation is consistent with results for 
monodisperse granules.  
It should be noted that tablets prepared from milled granules (Figure 4.10) are stronger 
than tablets prepared from mono-disperse granules (Figure 4.7). This difference is 
attributed to the irregular shape and roughness of milled granules which likely facilitates 
better mechanical inter-locking and inter-granular bonding. 
 
4.4. Discussion 
By using monodisperse granules in this study, we have been able to deconvolute the 
effect of granule size and SF on the recompression of the plastically deformable MCC 
granules.  The study also shows clearly that the main effect of granule size sometimes 
observed is due to the lower SF of the smaller (milled) granules. Compacts (ribbons, 
slugs or tablets) have density distributions and the low density portions of such compacts 
may preferentially generate smaller granules upon milling. There are implications here 
for design and operation of roller compactors.  Producing ribbons of uniform density will 
produce milled granules of uniform density.  This could lead to better ability to produce 





small number of high SF granules in a tablet could dominate its properties.  While some 
polydispersity in the milled granule size distribution helps improve the bulk density of 
the powder in the die for tableting, controlling the granule density (SF) is likely more 
important for robust production of tablets with good physical and mechanical properties. 
Milled granules are polydisperse in nature; granule size and SF cannot be independently 
varied. In this study, milled granule size significantly affected the tablet tensile strength 
only when it is implicitly assumed that slugs or roller compacted ribbons are of uniform 
density and therefore, all size fractions of milled granules prepared therefrom have the 
same density (or SF). However, when corrected for the fact that smaller granules have 
lower SF than larger granules as determined by mercury porosimetry, the granule size 
impact became statistically insignificant. There is an inherent constraint that the Hg 
porosimetry method may only obtain relative pore volume. The intrusion volume 
measurement may be influenced by granule bed (closed pores are not intruded, surface 
protrusions between two granules may be seen as intragranular pores, etc.) and cut-off 
point selection [143]. However, in this study, whether granule size specific cut-off points 
(pore throat size was calculated for each granule size) or a single cut-off point were used 
to measure the intrusion volume, both measurements obtained the same trend i.e. smaller 
granules have lower SF. More importantly, ANOVA using both sets of measured SF of 
milled granules showed that milled granule size does not have statistical impact on tablet 
TS (p values are 0.3744 and 0.6525). 
A closer look to the relationship between granule SF, tablet SF and tablet TS reveals an 





has higher SF. However, in this study we prepared tablets that have SF higher than, 
similar to or even lower than granule SF (Figures 4.7 and 4.10). Although granules are 
likely further deformed to a higher SF during compaction, the presence of macropores in 
tablet matrix can result in an average tablet SF lower than the post-compacted granule 
SF.  The use of monodisperse granules with precisely controlled SF allowed us to 
calculate an apparent ‘deformation potential’ of granules, which is defined here as: 
∆= 𝑆𝐹்௔௕ − 𝑆𝐹ீ௥௔௡                                                           (4) 
where ?????????????????????????????????????????????????SFTab is the final tablet solid 
fraction and SFGran is the initial granule solid fraction. A strong linear relationship exists 
between the tablet TS and the granule apparent deformation potential for tablets produced 
from monodispersed granules (Figure 4.11). More interestingly, irrespective of the tablet 
SF, the linear fits when extrapolated intersect the X-axis at approximately the same point. 
This confocal point, which is approximately -0.15 and for which tablet TS is zero, can be 
considered as the critical granule deformation potential. This observation suggests that it 
may not be possible to produce a coherent tablet if the initial monodisperse granule SF 
exceeds the final tablet SF by more than 0.15.   Similar analysis for tablets prepared from 
milled granules showed similar behavior. However, the critical deformation potential 
appeared to be lower for milled granules, approximately -0.5 (Figure 4.12). Better 
packing, mechanical inter-locking, bonding, etc. of polydisperse milled granules likely 






The experimental observations from this study suggest a mechanism for the effect of 
granulation on the compaction of plastically deformable powders.  When the tablet is 
formed in confined compression, the stress during compression will not be uniformly 
distributed.  If the local stress acting on a single granule is sufficient to exceed its plastic 
yield stress, the granule will yield and deform, losing its identity and becoming part of 
the tablet matrix. Failure of such a tablet in tension occurs via intragranular and 
extragranular fracture. If the yield stress is not exceeded, the granule will maintain its 
individual identity, and the pores between granules will remain as large flaws.  Fracture 
of such a tablet occurs preferentially along grain boundaries (extragranular). 
It is interesting to compare this mechanistic discussion with the concept of strain 
hardening and the unified compaction curve (UCC) model proposed by Farber et al. [11]. 
Our observations and thoughts on the mechanism of decreasing TS of tablets with 
increasing SF of dry granules of plastically deformable powder are consistent with the 
UCC model. Strain hardening renders dry granules strong, but as the dry granules harden 
more they lose capacity to provide macroscopic strength to the compact produced there 
from. The big effect is whether or not granules substantially deform, lose individual 
identity and form a continuous matrix to provide strength to the compact prepared from 
granules. As granule SF increases, granule deformation potential decreases and a 
continuous matrix at the extragranular contact does not form during the tablet compaction 
process. In the process, granules may become more dense and strong but fail to provide 





CHAPTER 5. INTRAGRANULAR VERSUS EXTRAGRANULAR FRACTURE OF 
TABLETS  
5.1. Introduction 
In the literature, there is a common perception that the fracture plane of tablets prepared 
from granules is created between the neighboring granules. In contrast, the preceding 
study described in Chapter 4 demonstrated that high SF tablets when prepared from low 
SF granules fracture indiscriminately both intra- and extra-granularly and produce a 
smooth fracture plane. On the other hand, very rough fracture surface of tablets prepared 
from high SF granules indicates preferential separation of neighboring granules. Thus, 
the extent of each fracture type in conjunction with the respective bonding strength can 
potentially determine the tablet tensile strength. However, a method to determine if the 
fracture occurs intra-granularly or extra-granularly, quantify the extent of each fracture 
type and how that impacts tensile strength of a tablet has not been previously developed.  
This work presents a novel method to map the tablet fracture surface and quantify the 







Sections 3.2.1, 3.2.1.2. Color granule mixture of each SF was then compressed into 12.5 
mm diameter tablets with SF in the range of 0.70 to 0.90 (Section 3.3.3). Neither the V-
MCC powder nor the granules were lubricated in this study. Table 5.1 lists the granules 
and tablets used in this study. 






















200 1.5 1.5 2.0 0.44, 0.61, 0.80 0.72, 0.81, 0.90 
 
Monodisperse granules and tablets were characterized for SF from their out-of-die 
dimensions, and the true density of V-MCC, as described in Section 3.4.2. TS of 
monodisperse granules, and tablets prepared from monodisperse granules were 
determined by diametrical breaking force test, as described in Section 3.4.7. Optical 
image of both fracture surfaces of the tablet was also captured using a digital microscope 
(Section 3.4.5), and the extent of intragranular fracture was determined following the 







5.3.2. Tablets Produced from Monodisperse Granules 
Figure 5.4 shows optical images of fracture surfaces of tablets for various combinations 
of initial granule SF and final tablet SF. The highest SF tablets prepared from the lowest 
SF granules (highest deformation potential) have the smoothest surfaces (top-left 
images). The smooth fracture surface indicates indiscriminate fracture of individual 
granules (intra-granular) and/or separation of neighboring granules (extra-granular). On 
the other hand, the lowest SF tablets prepared from the highest SF granules (lowest 
deformation potential) have the roughest surfaces (bottom-right images). The presence of 
intact three dimensional granule structures in the fracture surface indicates that 
neighboring granules were preferentially separated (extra-granular fracture).  
The presence of mosaic of distinct color zones on fracture surfaces (Figure 5.4) 
represents randomly distributed colored granules in tablets. This suggests that granules 
tend to retain their integrity under the 3D stress states during the confined compression 
operation [57,76]. During in-die compaction, granules used in this study were likely 
deformed plastically with associated shape change and SF increase. In the process, 
surfaces of neighboring low SF granules became intermingled more than high SF 











Initial Packed Granule Bed Tablet Solid 
Fraction   
Deformation 
????????????? Packing Fraction    Solid Fraction   






0.46         
0.55         
0.64 
0.61 0.58 0.35 
0.37         
0.46         
0.55 
0.80 0.61 0.49 
0.23         
0.32         
0.41 
 
5.3.3. Image Analysis of Fracture Surfaces of Tablets 
In Figure 5.6, optical images of fracture surfaces of the two halves of a tablet with a high 
deformation potential (top image) and a tablet with a low deformation potential (bottom  
image) are shown. Adjacent locations of the two paired surfaces are identified by A1 and 
A2, B1 and B2, and so on. The smoothest fracture surfaces (top image) have greater color 
match between the two parts, if superimposed, compared to the roughest fracture surface 
(bottom image). This observation suggests that fracture of individual granules (intra-
granular fracture) and/or separation of neighboring granules of the same color (extra-
granular fracture) contributed to the color match between the two surfaces in the top 
image. Alternatively, separation of neighboring granules of different colors (extra-
granular fracture) resulted in color mismatch between the two surfaces of the bottom 








tablets is governed by the bonding force and the bonding area between the neighboring 
granules that are separated. This would suggest that the strength of granules in the tablet 
matrix would have little or no impact on the TS of tablets. However, tablet fracture 
surfaces were directly mapped in this study, and clearly demonstrated that tablets fracture 
both the intra- and extra-granularly. The extent of each fracture type depends on the 
granule SF and the tablet SF. This would give a new perspective of the understanding of 
the TS of tablets prepared from deformable granules and would help future development 
of a mechanistically based quantitative model to predict TS of tablets.  
The results suggest that in contrary to the common perception, higher intragranular 
strength would improve the measured TS of tablets. Therefore, materials with high 
compaction properties such as MCC would be beneficial to tablet strength even when 
granulated. Other plastically deformable systems are also expected to fracture in the same 
fashion. However, a broader application of these findings for formulation development 
would require additional work. The fracture of tablets needs to be understood for non-
plastically deforming systems such as lactose, mannitol, or their mixture with MCC, 
which have different compaction behavior or fracture mechanics than MCC.   
At a given tablet SF, smaller deformation potential produce tablets with lower TS. The 
SF and TS of granules are higher if produced using higher compaction pressure. 
Irrespective of the granules SF, same amount of compression pressure is required to 
achieve the final tablet SF. However, high SF granules produce tablet matrices that are 
not homogeneous, have larger inter-granular pores. The deformation potential for this 





With that respect, the results explain the UCC (unified compaction curve) model from the 
material attribute perspectives. According to the UCC model, the TS of tablets formed 
from plastically deformable dry granules is lower if the difference between the 
cumulative compression pressure (granulation plus tableting) the materials experience 





CHAPTER 6. COMPACTION MECHANICS OF DEFORMABLE DRY GRANULES  
6.1. Introduction 
In chapters 4 and 5 of this thesis, experimental results demonstrated that the SF of 
deformable dry granules strongly affects the extent of intragranular versus extragranular 
fracture of tablets and the TS of tablets. To further improve the understanding, it is 
important to study the holistic compaction properties of deformable granules. However, 
this is not possible by using the empirical methods generally used to analyze compaction 
results in the literature. To accomplish this, the impact of dry granulation of MCC and 
dry granule SF on the DPC model parameters are presented here. The elastic properties 
such as Poisson’s ratio and Young’s modulus of the materials are also presented.  
 
6.2. Experimental Approach 
Figure 6.1 illustrates the schematic diagram of the study design. MCC (Avicel PH200, 
FMC, PA, USA) was used as the starting material to produce monodisperse granules and 






described in Section 3.4.9. SF of tablets was nominally 0.69, 0.79, and 0.89 (Table 6.1). 
Neither the V-MCC powder nor the granules were lubricated in this study. 






















Weight     
(mg) 
200 1.5 1.5 
0.42        
0.54        
0.60        
0.69 
 
0.69        
0.79        
0.89 
6 
745        




1485       
1705       
1905 
 
Monodisperse granules and tablets were characterized for SF from their out-of-die 
dimensions and the true density of V-MCC, as described in Section 3.4.2. Diametrical TS 
of tablets was determined by diametrical breaking force testing, as described in Section 
3.4.7. Uniaxial compressive strength of tablets was determined using the method 
described in Section 3.4.8. The hydrostatic and deviatoric stress components of the 
diametrical tensile stress state, uniaxial compressive stress state, and peak in-die 
compaction stress state were calculated. The DPC model parameters were then 
determined using the equations listed in Section 3.4.10. In addition, Poisson’s ratio and 
Young’s modulus were calculated from the slope of the decompression phase of the axial 
stress vs. axial strain curve and radial stress vs. axial strain curve, as described in Section 
3.4.9. Optical image of the flat face surface and cylindrical surface of tablets was also 






The peak axial stress exerted by the upper punch and the peak radial stress exerted on the 
die wall during the confined compression process are plotted against initial granule SF in 
Figure 6.3 and Figure 6.4, respectively. Because MCC behaves as if self-lubricated [146], 
and the die wall and punch faces were lubricated, it is reasonable to assume that the upper 
punch force was completely transmitted through the tablet. Results show that SF of the 
initial powder/granules does not significantly impact the axial or radial stress at a given 
tablet SF. In other words, granulation apparently did not impact these measures of MCC 
densification behavior. In general, radial stresses were slightly more variable at higher 
initial granule SF, which could be attributed to the roughness of the cylindrical surface 
(Figure 6.2) and resultant variability of the number of granules in contact with the radial 
stress sensor. Radial stress increased as the axial stress increased. Radial stress only 
slightly increased as the initial granule SF increased. Irrespective of the granulation state, 
the radial stress was around 27%, 35%, and 45% of the axial stress for 0.69, 0.79, and 













In the insert, the plot clearly shows the cohesion of materials, the only parameter that was 
significantly impacted by the dry granulation and the granule SF. The cohesion was 
higher for V-MCC, and it decreased as the granule SF increased or the tablet SF 
decreased. The yield cap curves for all the materials were comparable and depend on the 
tablet SF, but not the initial powder/granule SF. The DPC parameters predicted that while 
V-MCC and granules required the same amount of stress to densify to a given tablet SF, 
V-MCC and lower SF granules would produce compacts that could withstand higher 
stress before fracture. The in-die compaction stress path (p,q coordinate of the maximum 
in-die compaction stress in the p-q plane) of all the materials was similar at a given tablet 
SF. However, at higher tablet SF, the position of the in-die compaction stress point on the 
yield cap shifted away from the shear failure line [149].  Magnitude of the hydrostatic 
stress component of the in-die compaction stress state increased relative to the deviatoric 
stress component as the tablet SF increased; the p-to-q ratio was 0.77, 0.91, and 1.11 at 
tablet SF of 0.69, 0.79, and 0.89, respectively. This suggests that as the tablet SF 








The results clearly show that dry granulation of V-MCC and stress history of granules 
(granule SF) mainly impact one of the DPC parameters: cohesion. Therefore, complete 
experimental calibration of all the DPC parameters may not be necessary for both V-
MCC and MCC granules. Once the model is completely calibrated for V-MCC, only 
calibration of the shear failure surface for granules may be adequate. This will require 
only two experimental data sets: diametrical tensile strength and uniaxial compression 
strength of tablets. This approach, by eliminating the in-die compaction test, will 
significantly reduce the experimental burden to study compaction behavior of granules 
using the DPC model. 
Although the same tablet SF can be achieved from both V-MCC and MCC granules 
under the same in-die compaction stress, a high SF granule bed would only undergo a 
small increase in SF to achieve the final tablet SF, compared to a low SF granule bed. 
The tablet matrices from high SF granules would contain more void spaces between the 
neighboring granules, undergo more extra-granular failure during diametrical 





CHAPTER 7. IMPACT OF COMPOSITION OF DEFORMABLE DRY GRANULES 
ON THEIR COMPACTION BEHAVIOR  
7.1. Introduction 
The mechanical properties of a formulation that consists of multiple components are 
typically balanced by using a combination of plastically deformable and brittle 
excipients. In the literature (Section 2.5), the effect of an individual component on the 
compaction behavior of other components in the granule has not been studied with 
adequate separation from the effect of granule physical and mechanical properties. This 
study presents calibration of the DPC parameters using simple systems that allow 
analysis of the effects of a constituent on the compaction behavior of binary granules 
without any interference from the granule SF. In addition, elastic properties such as 
Poisson’s ratio and Young’s modulus of the granules are presented. Monodisperse 
granules of the individual components and binary mixtures of MCC and mannitol (MNT) 






individual powders and their binary mixtures were lubricated prior to granulation. 
Granules were subsequently compacted into 12 mm diameter X 6 mm tall tablets for 
diametrical breaking force testing, and 12 mm diameter X 12 mm tall tablets for uniaxial 
compression testing, as described in Section 3.3.4. Axial and radial stress profiles were 
collected during the confined compression of 12 mm tall tablets following the method 
described in Section 3.4.9. SF of tablets was nominally 0.69, 0.79, and 0.88 (Table 7.1).  
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Weight     
(mg) 
200 
0         
25        
50        
75        
100 
1.5 1.5 0.58 
 
0.69        
0.79        
0.88 
6 
740        




1490       
1705       
1905 
 
Monodisperse granules and tablets were characterized for SF from their out-of-die 
dimensions and the true density of V-MCC, as described in Section 3.4.2. Diametrical TS 
of tablets was determined by diametrical breaking force testing, as described in Section 
3.4.7. Uniaxial compressive strength of tablets was determined using the method 
described in Section 3.4.8. The hydrostatic and deviatoric stress components of the 
diametrical tensile stress state, uniaxial compressive stress state, and peak in-die 
compaction stress state were calculated. The DPC model parameters were then 
determined using the equations listed in Section 3.4.10. In addition, Poisson’s ratio and 





stress vs. axial strain curve and radial stress vs. axial strain curve, as described in Section 
3.4.9. SEM image of monodisperse granules and optical image of tablets were also 
captured (Section 3.4.5).  
 
7.3. Results 
7.3.1. Monodisperse Granules 
SEM images of monodisperse granules of each composition are shown in Figure 7.2. 
With increasing MNT concentration, a more bi-disperse particle size distribution on the 
granule surface is visible suggestive of attrition of a more brittle material. In comparison, 


















The plots in Figure 7.14 clearly show that the yield surfaces for pure MCC and 25% 
MNT granules are comparable but that for granules with 50% or higher level of MNT are 
significantly different. At 0.69 tablet SF, the yield locus contracts as the MNT level in 
granules increases to 50% or higher. At this SF, tablets prepared from pure MNT 
granules have the smallest yield surface and the largest for pure MCC and 25% MNT 
granules. However, the trend reverses as the tablet SF increases. At 0.79 and 0.88 tablet 
SF, the pure MCC and 25% MNT granules have the smallest yield surface and the pure 
MNT granules have the largest surface, with larger expansions at 0.88 tablet SF. 
Possibly, the two stage deformation of spray dried MNT particles causes this shift in 
yield surface-- the porous agglomerates of MNT may collapse under a low stress 
whereas, fracturing the primary MNT crystals may require high stress (Section 3.1, 
Figure 3.1). At the onset of densification, the hydrostatic to deviatoric stress ratio is 
similar, ~0.38 for all tablet SF. However, the p to q ratio of the maximum in-die 
compaction stress on the stress path increases significantly from ~0.75 at 0.69 tablet SF 
to ~0.86 at 0.79 tablet SF and ~1.26 at 0.88 tablet SF.  
In Figures 7.15 and 7.16, Poisson’s ratios and Young’s moduli, respectively, are plotted 
against MNT level. Poisson’s ratio increased with increasing tablet SF, and with 
decreasing MNT concentration. Larger increases were observed at higher tablet SF. In 
contrast, Poisson’s ratio for MNT granules was insensitive to the tablet SF. Young’s 
moduli were not significantly affected by the granule composition at 0.69 tablet SF. 
However, at 0.79 and 0.88 tablet SF, Young’s modulus increased with increasing MNT 







Calibration of DPC parameters in this study allows understanding the effect of granule 
composition on the compaction properties of deformable granules independent of their 
SF. The ratio of MCC to MNT in dry granules affects the compaction properties of 
granules and the fracture and elastic behavior of the tablets. Higher level of MNT in 
granules requires a lower compression pressure to obtain a low SF tablet but higher 
compression pressure to obtain a high SF tablets. This is illustrated by the contraction or 
expansion of the cap surface with associated change in cap evolution parameter, cap 
eccentricity parameter, and hydrostatic yield stress depending upon the granule 
composition and tablet SF. The shear failure line is slightly impacted by the granule 
composition, which could be considered reasonable based on the small difference (1 MPa 
or less) between the minimum and maximum TS of tablets. Both the diametrical TS of 
tablets and the cohesion of tablets follow the same trend. 75% MNT in the formulation 
has the highest cohesion and diametrical TS at a pharmaceutically relevant tablet SF of 
0.88. Tablets prepared from high MNT level are stiffer with smaller Poisson’s ratio and 
would experience lower relaxation during the unloading and ejection step.  
The effect of granule composition on all the compaction properties of granules does not 
follow the simple linear mixing rule [106]. Table 7.2 shows the summary of the 
applicability of the linear mixing rule to various properties measured in this study.  The 
maximum % error of the linear mixing rule (Eq. 2.23) is shown in the parenthesis. For 
some properties such as uniaxial compression strength, hydrostatic yield strength, 





interaction between the constituents are present. These properties change monotonically 
with the composition.  Some property is just insensitive to composition (e.g., internal 
angle of friction). On the other hand, for properties such as cohesion and diametrical TS, 
the linear mixing rule is clearly inappropriate. These properties go through a maximum as 
%MNT increases in the formulation. This is consistent with direct compression of 
MCC/spray dried lactose binary mixture, for which the crushing strength of tablets goes 
through a maximum at 50%/50% composition [151]. The implication of this finding is 
that many of the compaction properties of binary mixtures of MCC/MNT may be 
estimated to a reasonable approximation from the properties of individual component 
using the linear mixing rule. However, the most frequently measured mechanical 
property, the TS of MCC/MNT tablets may not be reasonably estimated from the TS of 











Table 7.2.  Applicability of the Linear Mixing Rules to the Compaction Properties of 
MCC/MNT Binary Granules 
Parameters/Properties Apparent applicability of 
the Linear Mixing Rule 
Approximate Trend at Tablet SF 
(Maximum % Error of Prediction) 
0.69 0.79 0.88 
Axial stress Approximately linear  --            (-9.3%) 




Radial stress Approximately linear  --            (-28.4%) 









Diametrical TS Not linear,                         







Cohesion (d) Not linear,                        
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CHAPTER 8. CONCLUSIONS AND FUTURE DIRECTIONS 
8.1. Conclusions 
The main objective of this work was to develop mechanistic understanding of the impacts 
of stress history of deformable dry granules on tensile strength of tablets. Specifically, (1) 
the impact of the granule SF on TS of tablets were determined independent of the impact 
of the granule size, (2) a novel method was developed to map the fracture surfaces of 
tablets, and quantify the extent of intragranular versus extragranular fracture as a function 
of the deformation potential, and finally, (3) the impact of granule SF and granule 
composition (brittle to plastic excipient ratio) on the compaction properties of dry 
granules was determined. Monodisperse granules, composition, SF and size of which 
were precisely controlled and independently varied, were used as the model dry granules. 
In Chapter 4, the use of MCC monodisperse granules deconvoluted the effect of granule 
SF and granule size on TS of tablets. Granule SF is the dominant factor that decreased the 
TS of tablets compared to the directly compressed tablets at the same SF. Granule size 
did not impact TS of tablets. Milled granules are polydisperse in size and SF, and smaller 
milled granules generally have lower SF. Milled granules showed similar behavior to the 
monodisperse granules, when corrected for the fact that smaller milled granules have 





Tablets were stronger, and their fracture surfaces were smoother (indicative of 
intragranular and/or extragranular fracture) if prepared from low SF granules, whereas, 
the tablets prepared from high SF granules were weaker and fracture surfaces were 
rougher (indicative of more extragranular fracture). 
In Chapter 5, the use of colored monodisperse granules helped to visualize the fate of 
granules during the confined compression process and the diametrical breaking force test. 
Low SF granules deformed extensively, neighboring granule surfaces intermingled more 
than the high SF granules, and produced more homogeneous tablet matrices. At a high 
deformation potential, tablets fractured indiscriminately both intra-granularly (fracture of 
individual granules) and extra-granularly (separation of neighboring granules). In 
contrast, at a low deformation potential, tablets preferentially fractured extra-granularly. 
The proportion of intra-granular fracture was a function of the deformation potential only. 
TS of tablets increased nearly linearly with the deformation potential and the slope of the 
linear relationship was larger for higher tablet SF. At or below a critical deformation 
potential of approximately 0.19 a tablet structure is not coherent and it does not fracture 
intragranularly. 
In Chapter 6, calibration of the DPC model parameters as well as Young’s modulus and 
Poisson’s ratio for V-MCC and MCC monodisperse granules further improved the 
understanding of the effect of dry granulation and SF of dry granules on the compaction 
behavior of plastically deformable systems. Despite the granulation status, all the 
materials required the same amount of pressure to produce tablets of a given SF. 





component of the in-die compaction stress path increased.  Dry granulation and increased 
SF of granules significantly decreased the cohesion of the material and TS of the tablets.  
All other parameters including the p, q co-ordinate of the in-die compaction stress path, 
Young’s modulus, and Poisson’s ratio were only impacted by the tablet SF. Material 
behaviors such as compressibility, ejection stress, and relaxation during the unloading 
and ejection step would not be impacted by the dry granulation of MCC. Since, cohesion 
is the only impacted parameter, calibration only of the shear failure surface would be 
sufficient to understand the compaction behavior of MCC granules when a full 
calibration for V-MCC is available.  
In Chapter 7, calibration of the DPC model using monodisperse granules of MCC/MNT 
binary mixtures determined the effect of the dry granule composition on their compaction 
properties without interference from the effect of granule SF. The ratio of MCC to MNT 
in dry granules affected compaction properties of the granules, and fracture and elastic 
behavior of the tablets. Higher level of MNT in granules required a lower compression 
pressure to obtain a low SF tablet but higher compression pressure to obtain a high SF 
tablets. At an industrially relevant tablet SF of 0.88, 75% MNT granules exhibited the 
highest cohesion, and produced the strongest tablets. The p to q ratio of the maximum in-
die compaction stress state indicates that as the tablet SF increases, more hydrostatic 
stress than the deviatoric stress would be involved for further densification.  The Young’s 
modulus increased and Poisson’s ratio decreased with increasing level of MNT in the 
composition. However, the effect of granule composition on all the compaction 





hydrostatic yield strength, young's modulus, Poisson’s ratio approximately follow the 
linear mixing rule, where some interactions between the constituents are present. On the 
other hand, properties such as cohesion and diametrical TS go through a maximum as 
%MNT increases in the formulation and clearly do not follow the linear mixing rule. 
Some property are just insensitive to the composition (e.g., internal angle of friction). The 
properties of a multicomponent system may not be precisely estimated from the 
properties of individual components, simply by using the linear mixing rule. 
 
8.1. Future Directions 
In this thesis, granule SF is identified as the dominant factor that causes the tablets 
prepared from deformable granules to fracture more extragranularly and exhibit 
decreased TS. For practical implications in the formulation development, it is important 
to extend the understandisng to the materials that fail or deform by brittle fracture, and 
even to their mixture with plastic materials. The common perception is that brittle 
excipients are not sensitive to dry granulation. However, contradicting results are 
presented in the literature [18,19] where granule properties were not precisely controlled. 
Monodisperse granules will provide the means for separating the impact of one granule 
property from the other, and to establish the relationship between the material-attributes 
of brittle systems. 
This thesis clearly demonstrated that tablets prepared from deformable granules fracture 





of tablets is a function of the deformation potential only. An important future work, 
which will have a significant implication, will be the development of a mechanistic 
model for TS of tablets prepared from deformable granules, which would describe the TS 
of tablets as a function of the bonding strength normalized for the extent intragranular 
fracture. This will bring new perspective to the understanding of compaction of 
deformable granules as compared to the current perception that assumes a tablet fractures 
extragranularly only. An effort to develop the model is currently ongoing. Once the 
mechanistic model for TS of tablets is developed, and the impact of brittle granule 
properties on TS of tablets is understood, it will be useful to map the fracture surfaces of 
tablets prepared from brittle or even binary granules, and validate the model.  
The DPC experiments using MCC/MNT monodiesperse granules showed that the 
uniaxial compression strength of tablet decreases monotonically, however, the 
diametrical TS goes through a maximum, as the MNT level in the granule increases. A 
similar trend for diametrical TS of some plastic/brittle binary mixtures is reported in the 
literature; however, both uniaxial and diametrical strengths are not typically reported. It 
will be important to study binary mixtures of other materials with similar behavior to 
confirm this observation. Computer modeling simulations such as FEM, that allows 
measurement of the local stress developed at particle or granule level that cannot be 
captured experimentally, could be instrumental in this case. The detailed compaction 
behavior of deformable granules generated from DPC model calibration can also be 





It is important that the product model is developed to determine the appropriate 
composition and granule properties for acceptable tablet performance. Since, the granule 
composition, SF, and size can be independently varied; it will be useful to deconvolute 
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Table A1. Slug Properties  
Notebook reference Mean 
weight 
(mg) 







EN0205400-004-Slug 0.5 SF 3002.6 0.89 6.027 0.041 0.499 0.003 
EN0205400-004-Slug 0.7 SF 3002.0 1.41 4.340 0.022 0.693 0.003 
EN0205400-004-Slug 0.9 SF 3001.6 1.52 3.393 0.021 0.887 0.005 
N=5                                                                                                                                                            
Notebook reference EN0205400-004 
 
 
Table A2. Milled Granules Size Distribution 
Notebook reference Am???????????? ???????????????????????????????????????????? Total 
granule 
(g) 1400 1180 850 500 355 300 pan 
EN0205400-004-Slug 0.5 SF 0 2.53 11.21 15.42 15.28 13.86 15.26 73.55 
EN0205400-004-Slug 0.7 SF 0 4 19.12 18.91 11.46 7.55 13.20 74.24 
EN0205400-004-Slug 0.9 SF 0 2.26 11.55 21.20 9.37 4.63 9.37 58.38 
 
 















Hg Intrusion at pore throat (0.25D) Hg Intrusion  at 5 psi Hg Intrusion  at 10 psi 
Intrusion   


























D1 0.499 150 
0.643 
0.7 1.343 0.479 0.7 1.343 0.479 0.55 1.193 0.539 
D3 0.499 425 0.71 1.353 0.475 0.54 1.183 0.543 0.49 1.133 0.567 
F1 0.499 1000 0.67 1.313 0.490 0.55 1.193 0.539 0.51 1.153 0.558 
D6 0.693 150 0.54 1.183 0.543 0.54 1.183 0.543 0.37 1.013 0.635 
F3 0.693 425 0.46 1.103 0.583 0.33 0.973 0.661 0.3 0.943 0.682 
F5 0.693 1000 0.37 1.013 0.635 0.3 0.943 0.682 0.28 0.923 0.697 
H1 0.887 150 0.32 0.963 0.668 0.28 0.923 0.697 0.18 0.823 0.781 
H3 0.887 425 0.24 0.883 0.728 0.14 0.783 0.821 0.12 0.763 0.843 
H5 0.887 1000 0.16 0.803 0.801 0.11 0.753 0.854 0.1 0.743 0.865 


















Tablet Weight (mg) 
 
Tablet Thickness (mm) 
 
Tablet Breaking Force 
(kp) 
 
Tablet Tensile Strength 
(MPa) 
Mean SD Mean SD Mean SD Mean SD 
0.74 
V-MCC 
(0.25) 325 348.9 0.78 3.87 0.01 26.54 0.47 4.29 0.065 
0.74 0.499 150 351.4 0.5 3.89 0.01 22.11 0.45 3.56 0.072 
0.74 0.499 425 351.9 0.32 3.89 0 19.71 0.3 3.18 0.048 
0.74 0.499 1000 348.4 0.85 3.86 0.01 20.65 0.31 3.34 0.055 
0.74 0.693 150 351.6 1.01 3.87 0.02 18.24 0.52 2.95 0.093 
0.74 0.693 425 351.3 0.85 3.88 0 14.56 0.81 2.35 0.129 
0.74 0.693 1000 347.8 0.4 3.87 0.01 15.02 0.42 2.43 0.070 
0.74 0.887 150 351.5 0.67 3.82 0.02 14.75 0.15 2.42 0.038 
0.74 0.887 425 351.9 0.47 3.84 0.01 11.11 0.58 1.82 0.099 
0.74 0.887 1000 348.2 0.59 3.86 0.05 10.06 0.38 1.63 0.081 
0.80 
V-MCC 
(0.25) 325 348.4 0.15 3.6 0.01 38.18 0.83 6.63 0.134 
0.80 0.499 150 348.5 1.29 3.55 0 35.75 0.33 6.29 0.062 
0.80 0.499 425 348.9 1.02 3.56 0.01 31.46 0.62 5.52 0.123 
0.80 0.499 1000 348.3 0.21 3.54 0.01 30.8 0.84 5.44 0.148 
0.80 0.693 150 347.7 0.5 3.55 0.01 30.96 0.45 5.44 0.082 
0.80 0.693 425 347.1 0.59 3.54 0 25.68 0.16 4.53 0.026 
0.80 0.693 1000 347.3 0.28 3.54 0.01 24.6 1.56 4.34 0.256 
0.80 0.887 150 348.1 1.15 3.54 0.01 26.13 1.22 4.61 0.231 
0.80 0.887 425 347.4 0.06 3.51 0.02 21.51 0.29 3.82 0.065 
0.80 0.887 1000 347.7 0.9 3.57 0.03 19.33 1.21 3.39 0.192 
0.84 
V-MCC 
(0.25) 325 349.3 0.5 3.39 0.02 45.94 0.88 8.45 0.126 
0.84 0.499 150 350.2 0.32 3.41 0.02 43.54 0.89 7.96 0.111 
0.84 0.499 425 349.9 1.01 3.4 0.01 39.31 0.44 7.22 0.086 
0.84 0.499 1000 349.5 0.85 3.4 0.01 38.08 0.94 7.00 0.167 
0.84 0.693 150 349.4 0.15 3.4 0.01 39.06 0.6 7.18 0.102 
0.84 0.693 425 348.2 1.01 3.41 0.02 33.66 0.4 6.00 0.215 
0.84 0.693 1000 349.7 0.55 3.41 0.01 30.48 0.66 5.59 0.098 
0.84 0.887 150 348.4 1.04 3.39 0.01 32.19 0.75 5.92 0.121 
0.84 0.887 425 348.8 0.89 3.41 0 27.08 0.42 4.97 0.070 
0.84 0.887 1000 348.7 1.1 3.41 0.04 24.35 0.99 4.46 0.168 
N=3                                                                                                                                                                       




























Thickness           
(mm) 



















C1  3  0.4 MCC White 1.517 0.011 4.632 0.125 0.106 0.017 7.760 0.382 0.010 0.20 0.03 
C2  3  0.4 MCC White 2.180 0.011 7.353 0.176 0.210 0.026 12.449 0.378 0.007 0.25 0.03 
C3  3  0.4 MCC White 3.006 0.029 11.318 0.181 0.411 0.057 18.284 0.397 0.009 0.33 0.05 
D  3  0.5 MCC White 2.168 0.017 10.124 0.076 0.849 0.015 12.364 0.524 0.008 1.01 0.02 
E1  3  0.6 MCC White 1.497 0.016 7.185 0.115 0.939 0.059 7.618 0.604 0.012 1.81 0.13 
E2  3  0.6 MCC White 2.183 0.012 11.123 0.186 1.502 0.168 12.465 0.571 0.010 1.77 0.20 
E3  3  0.6 MCC White 3.036 0.012 16.697 0.338 2.234 0.167 18.499 0.578 0.010 1.78 0.13 
F  3  0.7 MCC White 2.171 0.026 13.256 0.045 2.745 0.181 12.385 0.686 0.009 3.26 0.23 
G1  3  0.8 MCC White 1.528 0.011 9.193 0.172 2.330 0.139 7.839 0.749 0.010 4.37 0.24 








A  1.5  0.4 MCC White 1.406 0.039 1.440 0.060 0.112 0.024 2.218 0.415 0.011 0.37 0.08 
B  1.5  0.5 MCC White 1.350 0.011 1.770 0.033 0.441 0.048 2.118 0.536 0.009 1.53 0.16 
C  1.5  0.6 MCC White 1.446 0.028 2.155 0.046 0.654 0.030 2.288 0.604 0.009 2.10 0.09 
D  1.5  0.7 MCC White 1.418 0.038 2.402 0.046 1.289 0.166 2.239 0.689 0.028 4.25 0.64 








A1 1.5  0.4 MCC White 1.372 0.033 1.482 0.082 0.155 0.025 2.157 0.429 0.017 0.53 0.08 
A2  1.5  0.6 MCC White 1.445 0.022 2.112 0.024 0.632 0.037 2.286 0.594 0.011 2.03 0.12 
A3  1.5  0.8 MCC White 1.506 0.018 2.970 0.054 2.296 0.110 2.395 0.797 0.012 7.06 0.36 
B1  1.5  0.4 
MCC+         
blue dye Blue 1.364 0.039 1.410 0.065 0.125 0.015 2.143 0.425 0.016 0.43 0.05 
B2  1.5  0.6 
MCC+         
blue dye Blue 1.381 0.037 2.072 0.047 0.665 0.064 2.173 0.613 0.020 2.26 0.27 
B3 1.5  0.8 
MCC+        
blue dye Blue 1.470 0.049 2.962 0.047 2.370 0.171 2.331 0.817 0.025 7.50 0.76 
C1  1.5  0.4 
MCC+           
red dye Red 1.388 0.032 1.537 0.063 0.161 0.023 2.186 0.458 0.017 0.54 0.08 
C2  1.5  0.6 
MCC+           
red dye Red 1.397 0.029 2.158 0.057 0.668 0.066 2.202 0.622 0.023 2.24 0.26 
C3  1.5  0.8 
MCC+           
red dye Red 1.513 0.042 3.030 0.053 2.287 0.148 2.406 0.799 0.022 7.01 0.61 
D1  1.5  0.4 
MCC+      
black dye Grey 1.390 0.024 1.600 0.055 0.152 0.023 2.188 0.458 0.014 0.51 0.08 
D2 1.5  0.6 
MCC+      
black dye Grey 1.495 0.025 2.255 0.055 0.630 0.061 2.374 0.602 0.015 1.95 0.20 
D3  1.5  0.8 
MCC+      








A 1.5  0.6 MCC + SSF White 1.548 0.010 2.239 0.040 -- -- 2.469 0.590 0.010 -- -- 




1.534 0.003 2.217 0.023 -- -- 2.444 0.587 0.005 -- -- 




1.626 0.009 2.290 0.032 -- -- 2.607 0.571 0.008 -- -- 




1.577 0.018 2.211 0.039 -- -- 2.517 0.577 0.009 -- -- 
E* 1.5  0.6 MNT+SSF White 1.508 0.035 2.125 0.022 -- -- 2.407 0.587 0.017 -- -- 
N=10 or higher, *Notebook EN0235978-015 
Granules listed in 
blue rows were used 
in Chapter 4 
Granules listed in 
pink rows were used 
in Chapter 4, 6 
Granules listed in 
green rows were used 
in Chapter 5 
Granules listed in 
grey rows were used 





Table A6. Tablets Prepared from Monodisperse Granules (Chapter 4) 
Tablet ID 
Granule 
Nominal Size   






(kp) Solid Fraction 
Tensile Strength 
(MPa) 
Mean SD Mean SD Mean SD Mean SD Mean SD 
EN0205400-007-A-35kN  V-MCC 6.923 0.012 4998.8 7.40 113.7 0.85 0.724 0.002 3.6 0.03 
EN0205400-007-A-50kN   V-MCC 6.360 0.022 5000.7 0.29 158.0 0.89 0.788 0.003 5.4 0.04 
EN0205400-007-A-71kN   V-MCC 5.987 0.002 5001.5 6.23 195.6 2.07 0.837 0.001 7.1 0.08 
EN0205400-007-C1-50kN 3 mm x 1.5 mm 6.243 0.052 5025.9 33.38 128.9 3.23 0.807 0.001 4.5 0.15 
EN0205400-007-C2-35kN 3 mm x 2.2 mm 6.780 0.045 4994.4 0.35 92.8 1.09 0.738 0.005 3.0 0.05 
EN0205400-007-C2-50kN 3 mm x 2.2 mm 6.241 0.044 5000.4 1.73 129.2 1.29 0.803 0.006 4.5 0.08 
EN0205400-007-C2-71kN 3 mm x 2.2 mm 5.938 0.029 4995.3 0.64 163.0 9.26 0.843 0.004 6.0 0.31 
EN0205400-007-C3-50kN 3 mm x 3 mm 6.229 0.019 5000.0 3.04 120.4 4.75 0.805 0.002 4.2 0.18 
EN0205400-007-D-35kN 3 mm x 1.5 mm 6.787 0.036 4998.2 2.26 64.2 4.08 0.738 0.004 2.1 0.12 
EN0205400-007-D-50kN 3 mm x 1.5 mm 6.253 0.063 5005.6 2.06 98.2 3.11 0.802 0.008 3.4 0.14 
EN0205400-007-D-71kN 3 mm x 1.5 mm 5.896 0.042 4998.6 0.42 132.4 10.31 0.850 0.006 4.9 0.42 
EN0205400-007-E1-50kN 3 mm x 1.5 mm 6.237 0.011 5002.8 4.46 84.4 5.07 0.804 0.001 3.0 0.17 
EN0205400-007-E2-35kN 3 mm x 2.2 mm 6.881 0.010 5001.1 5.71 54.0 1.63 0.728 0.002 1.7 0.05 
EN0205400-007-E2-50kN 3 mm x 2.2 mm 6.291 0.026 5007.8 2.17 79.8 3.08 0.798 0.004 2.8 0.10 
EN0205400-007-E2-71kN 3 mm x 2.2 mm 5.949 0.029 4998.2 1.40 105.2 6.12 0.842 0.004 3.9 0.24 
EN0205400-007-E3-50kN 3 mm x 3 mm 6.242 0.014 5002.3 6.82 74.4 3.94 0.803 0.002 2.6 0.13 
EN0205400-007-F-35kN 3 mm x 1.5 mm 6.898 0.041 5002.3 4.62 38.8 2.56 0.727 0.005 1.2 0.09 
EN0205400-007-F-50kN 3 mm x 1.5 mm 6.282 0.013 5004.7 5.57 64.3 10.22 0.799 0.001 2.2 0.35 
EN0205400-007-F-71kN 3 mm x 1.5 mm 5.991 0.025 4997.2 7.07 87.6 3.06 0.836 0.002 3.2 0.12 
EN0205400-007-G1-50kN 3 mm x 1.5 mm 6.288 0.011 5003.0 2.71 60.4 1.01 0.797 0.002 2.1 0.03 
EN0205400-007-G2-35kN 3 mm x 2.2 mm 6.936 0.003 4999.4 5.54 21.1 1.98 0.722 0.001 0.7 0.06 
EN0205400-007-G2-50kN 3 mm x 2.2 mm 6.385 0.044 5008.2 4.03 41.3 3.89 0.786 0.006 1.4 0.13 
EN0205400-007-G2-71kN 3 mm x 2.2 mm 6.045 0.005 4998.8 6.01 65.4 1.99 0.829 0.002 2.4 0.07 
EN0205400-013-A-35kN  V-MCC 6.919 0.004 5001.4 0.70 119.3 2.38 0.725 0.000 3.8 0.07 
EN0205400-013-A-50kN   V-MCC 6.396 0.016 5000.9 1.24 160.5 0.41 0.784 0.002 5.5 0.03 
EN0205400-013-A-71kN   V-MCC 5.994 0.051 5001.4 2.06 206.0 2.88 0.836 0.007 7.5 0.16 
EN0205400-013-B-35kN 1.5 mm x 1.5 mm 6.917 0.014 4999.2 2.12 78.3 1.51 0.724 0.002 2.5 0.05 
EN0205400-013-B-50kN 1.5 mm x 1.5 mm 6.400 0.025 5000.4 0.40 114.9 1.10 0.783 0.003 3.9 0.05 
EN0205400-013-B-71kN 1.5 mm x 1.5 mm 6.002 0.018 4998.9 0.84 157.7 3.40 0.835 0.003 5.7 0.14 
EN0205400-013-C-35kN 1.5 mm x 1.5 mm 6.930 0.016 4999.3 1.78 48.2 3.67 0.723 0.002 1.5 0.12 
EN0205400-013-C-50kN 1.5 mm x 1.5 mm 6.388 0.025 4999.4 1.11 76.3 0.93 0.784 0.003 2.6 0.03 
EN0205400-013-C-71kN 1.5 mm x 1.5 mm 5.948 0.023 4998.4 0.25 110.8 2.55 0.842 0.003 4.1 0.08 
EN0205400-013-D-35kN 1.5 mm x 1.5 mm 6.921 0.046 4997.5 0.81 14.4 1.05 0.724 0.005 0.5 0.04 
EN0205400-013-D-50kN 1.5 mm x 1.5 mm 6.400 0.027 4999.1 1.53 29.9 1.80 0.783 0.004 1.0 0.06 
EN0205400-013-D-71kN 1.5 mm x 1.5 mm 5.973 0.029 4999.4 1.00 50.6 0.87 0.839 0.004 1.8 0.04 
N=3, Notebook references EN0205400-007, EN0205400-013 
 
 




































EN0205400-014-A 0.44 1.508 0.00217 9.8 9.0 3.64 0.371 0.404 5.237 0.582 0.26 
EN0205400-014-B 0.61 2.149 0.00226 8.4 7.9 4.36 0.519 0.552 4.582 0.580 0.35 









Table A9. Proportion of Intragranular Fracture of Tablets Prepared from Colored 
Monodiesperse Granule Mixtures (Chapter 5)  






















EN0205400-014-A1-2-s1s2.jpg 0.44 0.72 804840 130363 0.84 0.79 
EN0205400-014-A1-5-s1s2.jpg 0.44 0.72 793500 67240 0.92 0.89 




EN0205400-014-A2-2-s1s2.jpg 0.44 0.81 665520 16385 0.98 0.97 
EN0205400-014-A2-4-s1s2.jpg 0.44 0.81 663480 18999 0.97 0.96 




EN0205400-014-A3-3-s1s2.jpg 0.44 0.90 608304 4502 0.99 0.99 
EN0205400-014-A3-4-s1s2.jpg 0.44 0.90 608304 16148 0.97 0.96 




EN0205400-014-B1-4-s1s2.jpg 0.61 0.72 777280 198914 0.74 0.65 
EN0205400-014-B1-5-s1s2.jpg 0.61 0.72 797472 186860 0.77 0.69 




EN0205400-014-B2-3-s1s2.jpg 0.61 0.81 696620 48725 0.93 0.91 
EN0205400-014-B2-5-s1s2.jpg 0.61 0.81 701008 52968 0.92 0.89 




EN0205400-014-B3-3-s1s2.jpg 0.61 0.90 619072 19564 0.97 0.96 
EN0205400-014-B3-4-s1s2.jpg 0.61 0.90 626808 27818 0.96 0.95 




EN0205400-014-C1-3-s1s2.jpg 0.80 0.72 743280 223673 0.70 0.60 
EN0205400-014-C1-4-s1s2.jpg 0.80 0.72 763280 265792 0.65 0.53 




EN0205400-014-C2-3-s1s2.jpg 0.80 0.81 672220 209082 0.69 0.59 
EN0205400-014-C2-5-s1s2.jpg 0.80 0.81 709280 199192 0.72 0.63 
EN0205400-014-C3-1-s1s2.jpg 0.80 0.90 619344 119059 0.81 0.75 0.69 0.081 
EN0205400-014-C3-3-s1s2.jpg 0.80 0.90 623300 190065 0.70 0.60 
EN0205400-014-C3-5-s1s2.jpg 0.80 0.90 601620 119831 0.80 0.73 
















10. Reported results (Area in pixels)  
 
 
Image Analysis Macro (Chapter 5): 
 
// This is a rough macro for assessing color  difference between tablet halves 
// Create 08-15-2013 
// The primary flow is: 
// User selects a region for analysis 
// User selects a second region for analysis 
// Two regions are put into 'stack' image 
// 2nd region image is flipped horizontally 
// The 2 regions are registered to each other (note that this can fail miserably if there is 
little to no overlap) 
// The color difference between the two images is computed 
// The are of color difference is assessed 
// 
 
var workingImage = 0; 
var workingTitle = ""; 
var stackImage = 0; 
var differenceImage = 0; 
 
var blurScale = 15;  // Size of neighborhood for blurring image data 





macro "Blur image [f1]" { 
 run("Median...", "radius="+blurScale); 
} 
 
macro "Setup example rectangle [f2]" { 
 // Set up default rectange 
 makeRectangle(176, 44, 552, 1102); 
} 
 
macro "Copy first region [f3]" { 
 // (After resizing/moving rectangle) 
 // Make copy with appropriate name 
 workingImage = getImageID; 
 workingTitle = getTitle; 
 run("Duplicate...", "title=["+workingTitle+" stack]"); 








macro "Copy second region and analyze [f4]" { 
 // After moving selection region to a new location 
 // Add copy to stackImage 
 run("Copy"); 
 selectImage(stackImage); 
 run("Add Slice"); 
 run("Paste"); 
 // Flip this image like in a mirror, so it matches up with adjacent section... 
 run("Flip Horizontally", "slice"); 
 
 // Register images -- In latest version... this requires a space 
 //run("StackReg", "transformation=[Rigid Body]"); 
 run("StackReg ", "transformation=[Rigid Body]"); 
 
 // Create difference image 
 run("Z Project...", "start=1 stop=2 projection=[Standard Deviation]"); 
 differenceImage = getImageID; 
 rename(workingTitle + "-STD"); 
 
 // Remove black edges outside of alignment zone 
 selectImage(stackImage); 
 run("Z Project...", "start=1 stop=2 projection=[Min Intensity]"); 
 bgImage = getImageID; 
 rename(workingTitle + "-MIN"); 
 run("8-bit"); 
 setThreshold(0, 0); 
 run("Convert to Mask"); 
 





 // Measure difference image 
 selectImage(differenceImage); 
 run("HSB Stack"); // Switch from color to Hue-Saturation-Brightness 
 setSlice(3);  // Select the Brightness channel 
 // Specify to include image name and limit to intensity threshold... 
 // Measure whole area 
 run("Set Measurements...", "area mean min display redirect=None decimal=3"); 
 //setThreshold(0, 255); // Set a threshold for detecting tissue 
 rename(workingTitle + "-WHOLE"); 
 run("Measure"); 
 // Measure difference area 
 run("Set Measurements...", "area mean min limit display redirect=None decimal=3"); 
 rename(workingTitle + "-DIFF"); 
 setThreshold(differenceCutoff, 255); // Set a threshold for detecting tissue 
 run("Measure"); 
  
 trackResults();  // Move results from ResultsTable to new table. 
} 
 
macro "Close working images [f5]" { 
 if (stackImage != 0) { 
  selectImage(stackImage); 
  close(); 
  stackImage = 0; 
 } 
 if (differenceImage != 0) { 
  selectImage(differenceImage); 
  close(); 












function trackResults() { 
 // Note that this entire routine was created to work around a bug in the registration routine 
 // which trashes the results table 
 title = "GranuleResults"; 
 t2 = "[" + title + "]"; 
  
 headings = String.getResultsHeadings; 
 
 headList = split(headings); 
 if (headList[0] == "Label") { 
  // Reset headings to have no label on the beginning 
  headings = " "; 
  for (i=1; i<lengthOf(headList); i++) { 
   headings = headings + headList[i]; 
   if (i< (lengthOf(headList)-1)) { headings = headings + "\t"; } 
  } 
 } 
 
 if (!isOpen(title)) { 
  // We need to create our table 
  run("Table...", "name="+t2+" width=350 height=250"); 
  print(t2, "\\Headings:"+" Label" + "\t" +headings); 
 } 
 
 headings = split(headings); 
 // Add the last 2 rows of the results table to the results tracking table 
 for (row = nResults - 2; row < nResults; row++) { 
  line = ""; 
  // If label is included, get label... 
  line = getResultLabel(row); 
  if (line != "") { line = line + "\t"; } 
   
  for (col=0; col<lengthOf(headings); col++) { 
   line = line + getResult(headings[col],row) + "\t"; 
  } 
  print (t2,line); 
 } 
 
 // Delete last 2 lines from result table 
 IJ.deleteRows(nResults-2, nResults); 
} 
 
function showInstructions() { 
 title = "Granule Measurement Instructions"; 
 t2 = "[" + title + "]"; 
 if (isOpen(title)) { 
  print (t2, "\\Update:");  // clears the window 
 } else { 





 print(t2, "List of commands in granule measurement routine\n"); 
 print(t2, "--------------------------------------------------------------------\n"); 
 print(t2, "F1:  Blur image to reduce effect of texture/grain\n"); 
 print(t2, "F2:  Set up example region\n"); 
 print(t2, "F3:  Select first region\n"); 
 print(t2, "F4:  Select second region and analyze\n"); 
 print(t2, "F5:  Close image copies\n"); 
 print(t2, "F6:  Show these instructions\n"); 









Table A10. 12 mm Tall Tablets Prepared from V-MCC and MCC Monodisperse 
Granules (Chapter 6) 
Tablet ID Granule SF Powder Bed 
Height (mm) 
Thickness (mm) Weight (mg) Uniaxial Breaking 
Force (kp) 
Solid Fraction 
Mean SD Mean SD Mean SD Mean SD 
EN0205400-018-A1-a V-MCC (0.25) 38.16 12.397 0.021 1486.0 1.23 393.75 2.55 0.681 0.002 
EN0205400-018-A1-b V-MCC (0.25) 43.70 12.354 0.029 1706.1 0.87 682.04 9.12 0.785 0.002 
EN0205400-018-A1-c V-MCC (0.25) 49.16 12.301 0.029 1905.6 0.48 1054.20 7.78 0.880 0.002 
EN0205400-018-A2-a 0.42 35.66 12.258 0.040 1485.9 0.52 306.47 2.64 0.689 0.002 
EN0205400-018-A2-b 0.42 40.60 12.245 0.034 1705.7 2.56 569.67 6.27 0.792 0.002 
EN0205400-018-A2-c 0.42 45.60 12.198 0.014 1905.8 0.86 927.84 6.76 0.888 0.001 
EN0205400-018-A3-a 0.54 26.62 12.273 0.025 1485.8 0.67 222.48 5.49 0.688 0.001 
EN0205400-018-A3-b 0.54 30.65 12.293 0.026 1706.4 0.51 452.05 4.76 0.789 0.002 
EN0205400-018-A3-c 0.54 34.23 12.220 0.017 1906.1 0.67 786.38 5.88 0.887 0.001 
EN0205400-018-A4-a 0.60 24.80 12.229 0.008 1485.3 0.38 200.44 4.94 0.690 0.000 
EN0205400-018-A4-b 0.60 28.98 12.258 0.016 1706.0 0.70 435.59 4.62 0.791 0.001 
EN0205400-018-A4-c 0.60 31.86 12.232 0.024 1907.2 0.48 747.65 3.77 0.886 0.002 
EN0205400-018-A5-a 0.69 20.92 12.176 0.034 1487.4 1.91 99.60 7.22 0.694 0.002 
EN0205400-018-A5-b 0.69 23.70 12.283 0.020 1706.8 0.83 283.34 3.96 0.790 0.001 
EN0205400-018-A5-c 0.69 26.26 12.245 0.013 1906.5 0.90 587.37 9.03 0.885 0.001 
N=5, Notebook reference EN0235978-018 
 
Table A11. 6 mm Tall Tablets Prepared from V-MCC and MCC Monodisperse 
Granules (Chapter 6) 
Tablet ID Granule SF Powder Bed 
Height (mm) 
Thickness (mm) Weight (mg) Diametrical Breaking 
Force (kp) 
Solid Fraction 
Mean SD Mean SD Mean SD Mean SD 
EN0205400-018-B1-a V-MCC (0.25) 19.24 6.16 0.014 743.8 0.93 30.82 0.493 0.687 0.002 
EN0205400-018-B1-b V-MCC (0.25) 21.66 6.15 0.011 851.2 0.84 58.61 0.721 0.788 0.001 
EN0205400-018-B1-c V-MCC (0.25) 24.48 6.19 0.014 955.7 1.48 101.73 0.863 0.878 0.003 
EN0205400-018-B2-a 0.42 18.16 6.13 0.024 745.3 0.92 21.91 0.460 0.692 0.003 
EN0205400-018-B2-b 0.42 20.76 6.10 0.017 851.3 0.97 45.25 1.128 0.794 0.001 
EN0205400-018-B2-c 0.42 22.97 6.14 0.012 956.7 1.20 84.29 0.602 0.884 0.001 
EN0205400-018-B3-a 0.54 13.88 6.13 0.016 744.4 0.44 14.16 0.742 0.690 0.002 
EN0205400-018-B3-b 0.54 15.62 6.11 0.021 850.5 0.44 33.57 2.341 0.790 0.003 
EN0205400-018-B3-c 0.54 17.46 6.13 0.012 955.6 0.63 67.27 2.893 0.885 0.002 
EN0205400-018-B4-a 0.60 13.1 6.14 0.013 745.5 0.62 12.85 0.963 0.690 0.001 
EN0205400-018-B4-b 0.60 14.89 6.12 0.020 851.5 0.62 30.51 2.422 0.790 0.004 
EN0205400-018-B4-c 0.60 16.45 6.17 0.019 956.4 0.58 64.69 1.209 0.882 0.004 
EN0205400-018-B5-a 0.69 10.64 6.09 0.022 743.6 0.74 5.85 0.448 0.695 0.002 
EN0205400-018-B5-b 0.69 12.24 6.11 0.009 851.0 0.83 19.39 2.218 0.792 0.000 
EN0205400-018-B5-c 0.69 13.88 6.17 0.019 956.7 0.76 46.38 2.095 0.880 0.003 








Table A12. Compression Parameter and Tablet Properties for Calibrating DPC 
Parameters (Chapter 6) 




Uniaxial compression strength (MPa) Radial Stress, 
(MPa) 
Diametrical TS, (MPa) 
Mean SD Mean SD Mean SD 
V-MCC (0.25) 0.69 46.9 34.16 0.221 12.48 0.070 2.60 0.044 
0.42 0.69 46.9 26.59 0.229 12.66 0.555 1.87 0.063 
0.54 0.69 46.9 19.30 0.476 12.83 1.164 1.22 0.084 
0.6 0.69 46.9 17.39 0.428 12.52 0.886 1.06 0.060 
0.690 0.69 46.9 8.64 0.626 13.86 2.343 0.51 0.051 
V-MCC (0.25) 0.79 83.1 59.17 0.792 28.16 0.246 4.96 0.040 
0.42 0.79 83.1 49.42 0.544 29.22 0.653 3.83 0.101 
0.54 0.79 83.1 39.22 0.413 29.71 1.410 2.90 0.228 
0.6 0.79 83.1 37.79 0.401 29.67 1.581 2.66 0.230 
0.690 0.79 83.1 24.58 0.344 31.04 3.184 1.57 0.114 
V-MCC (0.25) 0.89 159.2 91.46 0.675 70.51 1.053 8.53 0.055 
0.42 0.89 159.2 80.50 0.587 72.32 1.148 7.15 0.081 
0.54 0.89 159.2 68.22 0.510 73.71 3.341 5.57 0.145 
0.6 0.89 159.2 64.86 0.327 74.16 3.155 5.42 0.106 
0.690 0.89 159.2 50.96 0.784 74.91 0.383 3.86 0.138 









Tablet Solid Fraction 
0.69 0.79 0.89 
Mean SD Mean SD Mean SD 
R 
0.25 0.44 0.002 0.52 0.004 0.65 0.009 
0.42 0.43 0.016 0.53 0.009 0.66 0.010 
0.54 0.44 0.028 0.54 0.023 0.67 0.031 
0.6 0.43 0.023 0.54 0.024 0.68 0.029 
0.69 0.42 0.019 0.53 0.026 0.68 0.029 
Pb (MPa) 
0.25 32.08 0.045 60.45 0.139 124.39 0.520 
0.42 32.12 0.407 60.91 0.339 125.24 0.557 
0.54 32.20 0.743 61.22 0.791 125.88 1.614 
0.6 31.99 0.579 61.20 0.871 126.08 1.528 
0.69 31.95 0.551 61.14 0.895 126.07 1.528 
? 
0.25 68.71 0.073 68.31 0.084 67.76 0.034 
0.42 69.05 0.056 68.66 0.085 68.04 0.058 
0.54 69.37 0.159 68.87 0.282 68.32 0.206 
0.6 69.36 0.212 69.08 0.277 68.30 0.106 
0.69 69.54 0.401 69.13 0.417 68.77 0.063 
d (MPa) 
0.25 4.94 0.099 9.58 0.159 16.91 0.180 
0.42 3.44 0.065 7.28 0.181 13.94 0.142 
0.54 2.21 0.135 5.38 0.453 11.02 0.591 
0.6 2.00 0.169 4.83 0.446 10.54 0.279 
0.69 0.91 0.092 3.07 0.416 7.27 0.237 
pa (MPa) 
0.25 14.11 0.019 23.96 0.071 43.76 0.254 
0.42 14.35 0.118 24.16 0.115 43.82 0.288 
0.54 14.49 0.161 24.41 0.415 43.94 0.901 
0.6 14.62 0.175 24.37 0.369 44.03 0.788 
0.69 14.83 0.148 24.86 0.545 44.22 0.746 
? 
0.25 0.09 0.000 0.12 0.010 0.17 0.000 
0.42 0.09 0.000 0.12 0.000 0.17 0.000 
0.54 0.09 0.010 0.12 0.010 0.17 0.000 
0.6 0.09 0.010 0.12 0.000 0.17 0.000 
0.69 0.11 0.010 0.13 0.010 0.16 0.010 
E (GPa) 
0.25 3.95 0.060 9.87 0.240 17.20 0.450 
0.42 3.89 0.060 10.20 0.450 16.70 0.510 
0.54 3.92 0.040 10.10 0.270 17.40 0.770 
0.6 3.83 0.060 9.72 0.100 17.00 0.610 
0.69 3.71 0.090 9.30 0.240 17.10 0.470 












Table A14. 12 mm Tall Tablets Prepared from V-MCC, V-MNT and MCC/MNT 
Binary Monodisperse Granules (Chapter 7) 
Tablet ID % MNT Powder 
bed height 
(mm) 
Thickness (mm) Weight (mg) Uniaxial Breaking Force 
(kp) 
Solid Fraction 
Mean SD Mean SD Mean SD Mean SD 
EN0235978-019-A1-a 
0 
25.65 12.413 0.033 1488 0.673 123 4.55 0.684 0.002 
EN0235978-019-A1-b 28.96 12.341 0.021 1705.7 0.953 327.1 4.32 0.789 0.002 
EN0235978-019-A1-c 32.21 12.3 0.013 1907.4 0.41 573.6 5.72 0.885 0.001 
EN0235978-019-A2-a 
25 
25.75 12.273 0.031 1487.8 0.563 99.5 2.26 0.697 0.002 
EN0235978-019-A2-b 29.6 12.391 0.009 1704.3 0.683 254.5 1.4 0.79 0 
EN0235978-019-A2-c 32.91 12.463 0.005 1906.8 0.365 501.8 4.31 0.879 0 
EN0235978-019-A3-a 
50 
27.35 12.435 0.032 1485.9 0.602 65.2 1.67 0.690 0.002 
EN0235978-019-A3-b 31.21 12.513 0.021 1705.7 0.815 208.6 5.35 0.788 0.001 
EN0235978-019-A3-c 34.78 12.556 0.006 1905 0.91 487.7 2.02 0.878 0.001 
EN0235978-019-A4-a 
75 
25.75 12.484 0.025 1485.3 1.211 47.9 0.82 0.692 0.002 
EN0235978-019-A4-b 29.76 12.473 0.017 1704.1 0.61 197.5 4.95 0.795 0.001 
EN0235978-019-A4-c 32.87 12.682 0.016 1904.7 0.902 467.5 5.3 0.874 0 
EN0235978-019-A5-a 
100 
25.37 12.619 0.013 1488.7 0.802 45.4 0.68 0.691 0.001 
EN0235978-019-A5-b 29.33 12.653 0.01 1704.1 1.134 171.5 1.17 0.789 0.001 
EN0235978-019-A5-c 32.47 12.789 0.016 1902.5 1.341 432.7 10.4 0.872 0.001 
N=5, Notebook reference EN0235978-019 
 
 
Table A15. 6 mm Tall Tablets Prepared from V-MCC, V-MNT and MCC/MNT 
Binary Monodisperse Granules (Chapter 7) 
Sample ID 
 
% MNT Powder bed 
height (mm) 
Thickness (mm) Weight (mg) Diametrical Breaking Force (kp) Solid Fraction 
Mean  SD Mean  SD Mean  SD Mean SD 
EN0235978-019-B1-a 
0 
13.22 6.165 0.02 741.3 1.03 6 0.88 0.685 0.003 
EN0235978-019-B1-b 14.86 6.152 0.013 848.8 1.46 18.1 1.84 0.788 0.002 
EN0235978-019-B1-c 16.7 6.175 0.019 953 1.96 35.5 3.5 0.883 0.002 
EN0235978-019-B2-a 
25 
13.14 6.181 0.019 741.5 1.97 4.6 0.67 0.69 0.001 
EN0235978-019-B2-b 15.1 6.206 0.021 849.6 1.03 13.6 1.79 0.787 0.002 
EN0235978-019-B2-c 16.79 6.25 0.013 954.3 1.54 36 3.71 0.878 0.002 
EN0235978-019-B3-a 
50 
13.74 6.178 0.03 743.7 1.2 4.1 0.13 0.696 0.003 
EN0235978-019-B3-b 15.76 6.212 0.019 852.8 0.81 17.3 0.18 0.794 0.002 
EN0235978-019-B3-c 17.45 6.272 0.007 954.6 0.98 47.5 1.66 0.881 0.001 
EN0235978-019-B4-a 
75 
13.27 6.2272 0.013 743.2 0.78 4.4 0.17 0.695 0.001 
EN0235978-019-B4-b 14.99 6.2052 0.01 851.9 0.34 21 0.52 0.8 0 
EN0235978-019-B4-c 16.95 6.357 0.012 956.4 0.41 48.9 0.54 0.876 0.002 
EN0235978-019-B5-a 
100 
13 6.2758 0.0087 741.42 1.18 4.6 0.19 0.692 0 
EN0235978-019-B5-b 14.71 6.2876 0.0107 850.8 1.36 19.3 1.12 0.793 0 
EN0235978-019-B5-c 16.23 6.3622 0.0073 951.22 1.15 39.6 2.81 0.876 0 




































Stress,   
MPa 
 Tensile 








46.9 13.30 0.864 0.49 0.046 10.56 0.486 46.87 13.30 0.49 10.56 
0.59 25 46.9 15.63 0.904 0.38 0.050 8.52 0.158 42.89 12.17 0.46 8.89 
0.57 50 42.4 12.41 0.797 0.35 0.016 5.61 0.182 38.91 11.05 0.43 7.23 
0.58 75 35.4 10.21 0.237 0.36 0.011 4.17 0.085 34.93 9.92 0.40 5.56 
0.59 100 31.0 8.80 0.242 0.38 0.018 3.90 0.023 30.95 8.80 0.38 3.90 
0.59 0 
0.79 
83.1 29.97 2.154 1.59 0.113 28.47 0.498 83.13 29.97 1.59 28.47 
0.59 25 83.1 30.70 1.676 1.17 0.203 22.08 0.126 85.78 32.27 1.59 25.08 
0.57 50 84.9 32.53 0.824 1.45 0.020 18.17 0.628 88.44 34.57 1.58 21.69 
0.58 75 87.6 34.89 0.498 1.78 0.035 17.16 0.574 91.09 36.88 1.58 18.30 
0.59 100 93.7 39.18 0.719 1.58 0.124 14.91 0.122 93.74 39.18 1.58 14.91 
0.59 0 
0.88 
159.2 75.94 3.951 3.13 0.048 49.54 0.250 159.18 75.94 3.13 49.54 
0.59 25 159.2 76.14 1.113 3.12 0.265 43.73 0.299 172.45 82.97 3.19 46.62 
0.57 50 172.5 82.14 0.750 3.87 0.129 42.24 0.123 185.72 89.99 3.24 43.70 
0.58 75 176.9 84.91 1.063 4.01 0.066 40.34 0.407 198.98 97.01 3.30 40.78 
0.59 100 212.2 104.04 1.936 3.36 0.046 37.86 1.025 212.25 104.04 3.36 37.86 






Table A17. Calibrated DPC Parameters and Elastic Parameters (Chapter 7) 
Parameter %MNT Tablet SF 
0.69 0.79 0.88 0.69 0.79 0.88 
Mean SD Mean SD Mean SD Predicted by Linear Mixing Rule 
R 
0 0.45 0.023 0.54 0.031 0.69 0.040 0.45 0.54 0.69 
25 0.48 0.036 0.55 0.025 0.69 0.008 0.44 0.55 0.69 
50 0.45 0.017 0.56 0.014 0.68 0.005 0.43 0.56 0.70 
75 0.43 0.008 0.56 0.009 0.68 0.009 0.42 0.57 0.70 
100 0.41 0.012 0.58 0.010 0.70 0.016 0.41 0.58 0.70 
Pb  (MPa) 
0 32.49 0.556 61.38 1.170 126.69 2.089 32.49 61.38 126.69 
25 33.20 0.847 61.77 0.927 127.02 0.512 29.69 63.97 137.62 
50 29.63 0.402 63.61 0.456 137.33 0.347 26.89 66.57 148.55 
75 24.44 0.131 66.20 0.276 141.07 0.472 24.09 69.16 159.48 
100 21.28 0.173 71.75 0.344 170.41 0.947 21.28 71.75 170.41 
? 
0 69.98 0.269 69.73 0.214 69.35 0.045 69.98 69.73 69.35 
25 70.08 0.294 69.83 0.288 69.07 0.321 69.37 69.02 69.06 
50 69.40 0.177 68.51 0.129 67.79 0.173 68.75 68.30 68.76 
75 68.14 0.211 67.19 0.246 67.44 0.146 68.14 67.58 68.47 
100 67.53 0.233 66.87 0.439 68.17 0.305 67.53 66.87 68.17 
d (MPa) 
0 0.91 0.147 2.76 0.310 5.75 0.084 0.91 2.76 5.75 
25 0.69 0.124 2.04 0.302 5.60 0.664 0.87 2.89 5.88 
50 0.64 0.031 2.78 0.046 7.78 0.322 0.84 3.01 6.02 
75 0.71 0.038 3.55 0.117 8.01 0.147 0.80 3.14 6.16 
100 0.76 0.038 3.26 0.239 6.29 0.518 0.76 3.26 6.29 
pa (MPa) 
0 14.40 0.216 24.27 0.297 43.30 0.982 14.40 24.27 43.30 
25 14.19 0.244 24.25 0.385 43.73 0.234 13.42 25.60 47.56 
50 13.35 0.062 25.75 0.277 49.52 0.092 12.44 26.93 51.83 
75 11.72 0.115 27.48 0.292 51.37 0.456 11.46 28.26 56.10 
100 10.47 0.116 29.59 0.430 60.36 1.009 10.47 29.59 60.36 
qa (MPa) 
0 40.43 0.416 68.50 1.220 120.63 2.598 -- -- -- 
25 39.85 0.767 68.04 0.900 119.92 0.854 -- -- -- 
50 36.17 0.376 68.16 0.389 129.04 0.565 -- -- -- 
75 29.91 0.061 68.89 0.249 131.66 0.473 -- -- -- 
100 26.09 0.095 72.53 0.456 157.00 0.935 -- -- -- 
E (GPa) 
0 2.45 0.03 5.51 0.1 17.86 0.41 2.45 5.51 17.86 
25 2.74 0.07 6.17 0.12 20.48 0.41 2.455 7.0275 24.41 
50 2.80 0.04 8.02 0.14 30.53 1.09 2.46 8.545 30.95 
75 2.5 0.03 8.98 0.3 33.41 1.15 2.465 10.0625 37.50 
100 2.47 0.02 11.58 0.26 44.04 1.65 2.47 11.58 44.04 
? 
0 0.13 0.005 0.15 0.003 0.17 0.003 0.13 0.15 0.17 
25 0.13 0.007 0.15 0.007 0.17 0.003 0.13 0.14 0.16 
50 0.12 0.007 0.13 0.002 0.15 0.001 0.12 0.14 0.15 
75 0.13 0.004 0.14 0.003 0.15 0.002 0.12 0.13 0.14 
100 0.12 0.001 0.13 0.001 0.13 0.001 0.12 0.13 0.13 
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